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The  photodetachment  of  electrons  from  negative  halogen 
molecular  ions  has  been  investigated.    An  ion  cyclotron  resonance 
mass  spectrometer  was  employed  for  the  generation,  containment  and 
detection  of  the  ions.    Photoprocesses  were  induced  by  means  of  an 
integrated,  tunable  dye  laser  system. 

Structure  was  observed  in  the  photodetachment  spectra  of  chlorine 

and  bromine  molecular  anions.    This  structure  was  correlated  to 

vibronic  fine  structure  of  the  photodetachment  transition.  An 

adiabatic  electron  affinity  value  for  chlorine  of  2  36  +0-27 

-0.32 

eV  was  obtained.    The  absence  of  structure  in  the  bromine  photodetach- 
ment cross-section  attributable  to  the  anion  precluded  estimation 
of  the  electron  affinity  of  bromine.    The  interhalogen  molecular 
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anion  of  bromine  monochloride  was  generated  but  was  of  low  signal 
intensity.    The  photodetachment  spectrum  of  the  enolate  anion  of 
acetophenone  exhibited  behavior  which  supported  previous 
explanations  of  the  source  of  the  structure  in  the  cross-section  near 
threshold. 
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CHAPTER  I 
INTRODUCTION 


Historical  and  Scientific  Interest  in  Negative  Ions 

The  study  of  negative  ions  in  the  gas  phase  has  elicited 
increasing  interest  since  Wildt  ascertained  the  importance  of  H"  to 
the  explanation  of  the  anomalous  infrared  opacity  of  the  solar 
spectrum  (1).    This  insight  was  founded  upon  the  investigation  of  the 
"affinity  continuum"  associated  with  the  radiative  attachment  of  an 
electron  to  an  atom  by  Gerlach  and  Gromann  (2).    Wildt  further  proposed 
that  the  radiative  behavior  of  diatomic  negative  ions  of  neutral 
diatomics  of  established  astrophysical  importance  such  as  H2>  C2,  0^ 
NH,  OH, and  CH  might  be  of  significance  in  stellar  radiation  spectral 
analysis.    Subsequent  study  of  negative  ions  for  astrophysical 
applications  has  been  largely  concerned  with  defining  the  wavelength 
dependence  of  the  interaction  of  light  with  the  selected  ions  (3). 
Following  the  recognition  of  the  import  of  negative  ions  in  stellar 
Plasmas,  an  awareness  of  negative  ions  evolved  in  atmospheric 
chemistry,  flame  chemistry,  gas  laser  plasma  chemistry,  and  radiation 
chemistry  and  biology. 

Consideration  of  the  behavior  of  negative  ions  in  the  atmosphere 
is  essential  in  accounting  for  effects  such  as  the  reflection  of  radio 
waves  at  the  lower  ionosphere  (4)  and  the  fate  of  atmospheric 
pollutants  (5).    The  ionosphere  is  a  region  of  high  free  electron 
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concentration  extending  from  60  to  450  kilometers  above  the  earth's 
surface.    Fluctuations,  either  local  or  temporal,  in  the  free  electron 
concentration  in  this  region  have  profound  effects  on  the 
reflectivity  to  radiofrequencies  exhibited  by  the  region.  Consequently, 
the  formation  and  destruction  of  negative  ions  with  the  concomitant 
loss  or  gain  of  free  electrons  must  be  characterized  to  account  for 
the  observed  radi of requency  reflectivity. 

Negative  ion  chemistry  in  the  lower  atmosphere,  the  stratosphere 
(15-60  kilometers)  and  the  troposphere  (0-15  kilometers),  is  pertinent 
to  air  pollution  chemistry  and  had  been  suggested  as  a  sink  for 
chlorofluorocarbons  released  into  the  atmosphere.    Recent  studies 
have  discredited  this  suggestion  as  the  reactions  of  the  hydrated 
negative  ions  which  predominate  at  the  lower  altitudes  with 
chlorofluorocarbons  have  been  shown  to  proceed  slowly  (6). 

The  study  of  ions  in  flames  is  of  current  interest  (7)  and  has 
been  of  interest  since  Moreau's  early  studies  of  negative  ion 
transport  in  flames  (8).    The  complexity  of  the  negative  ion 
composition  of  flames  is  illustrated  by  the  number  of  negative  ions 
in  significant  concentration    in  a  simple,  clean,  methane-oxygen 
flame  in  which  no  fewer  than  twelve  negative  ions  have  been 
identified  (9).    Not  only  the  characterization  of  flames  by  the  study 
of  the  ion  distribution,  which  remains  an  active  area  of  research  (10), 
but  also  the  use  of  flames  in  spectroscopy  rely  upon  the  clarification 
of  negative  ion-flame  chemistry. 

The  accelerated  search  for  laser  media  with  output  in  the  ultra- 
violet and  vacuum  ultraviolet    wavelength  regions  (11)  requires 
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knowledge  of  electron-neutral  interactions  and  negative  ion  formation. 
Typically,  short  wavelength  lasers  have  employed  some  variation 
of  a  fast-risetime,  high-energy  electron  discharge  pumping  scheme  (12). 
The  excited  neutrals  and  positive  ions  formed  during  discharge  have 
been  included  in  models  of  laser  performance  (13).    A  recent 
investigation  has  extended  consideration  to  negative  ions  produced  by 
the  attachment  of  secondary  electrons  to  F2  and  NF3>  the  alternate 
sources  of  fluorine  in  XeF  laser  gas  mixtures  (14).    In  addition,  the 
mobility  of  CI"   in  Xe,  a  factor  in  evaluating  the  XeCl  excimer 
mixtures,  has  been  investigated  (15)  and  it  has  been  suggested  that  the 
molecular  bromine  anion  contributes  to  XeBr*  excimer  formation  in 
electron  discharge  pumped  mixtures  through  reaction  with  Xe+  (16). 

Negative  ions  are  of  interest  in  radiation  and  nuclear  chemistry. 
Biologically  active  free  radicals,  excited  states, and  negative  ions 
are  generated  by  radiation  incident  on  biological  matter  (17).  The 
development  of  nuclear  pumped  lasers  and  gas-core  reactors  employing 
UF6  as  the  fuel /medium  requires  that  the  negative  ion  formation  of 
this  compound  of  relatively  large  electron  affinity  be  evaluated  (18). 

Electron  Affinity 
The  electron  affinity  of  the  corresponding  neutral  is  the  most 
fundamental  property  associated  with  a  negative  ion.    The  electron 
affinity  is  defined  as  the  change  in  the  total  energy  of  the  system 
upon  the  addition  of  an  electron.    The  change  in  the  system  energy 
may  be  positive  or  negative.    Conventionally,  stabilization  of  the 
system  corresponds  to  a  positive  sense  for  the  electron  affinity. 
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Negative  electron  affinities  are  associated  with  unstable  systems  which 
may,  however,  exhibit  resonances  related  to  the  formation  of  a 
transient  negative  ion  state  (19). 

For  an  atomic  negative  ion,  the  given  definition  of  electron 
affinity  is  complete.    A  complication  arises  for  molecular  negative  ions 
due  to  the  change  in  the  nuclear  configuration  associated  with  the 
addition  of  the  electron.    Two  distinct  types  of  electron  affinities 
are  conceivable.    The  energy  difference  associated  with  the  ground  state 
neutral  and  ground  state  ion  both  with  zero  internal  energy  and  both 
at  their  respective  equilibrium  geometries  is  referred  to  as  the 
adiabatic  electron  affinity.    A  more  readily  observable  energy 
difference,  the  vertical  electron  affinity, corresponds  to  the  change 
in  energy  between  the  neutral  and  negative  ion  ground  electronic  states 
at  the  equilibrium  nuclear  configuration  of  the  neutral.    In  general, 
the  term  vertical  electron  affinity  is  used  for  all  values  of  observed 
electron  affinities  for  which  either  the  negative  ion  or  the  neutral 
possess    internal    excitation.    Herein    lies  the  basic  problem  in  the 
interpretation  of  experimental  measurements  of  molecular  electron 
affinities,  the  difficulty  encountered  in  the  evaluation  of  the  internal 
energy  of  the  initial  and  final  states.     In  general,  experimental 
techniques  measure  vertical  electron  affinities  which  provide  upper  or 
lower  limits  to  the  adiabatic  or  thermodynamic  electron  affinity 
based  upon  some  estimate  of  the  internal  excitation.    Several  reviews 
(20-23)  of  the  techniques  applied  in  the  evaluation  of  electron 
affinities  of  molecular  species  have  appeared  including  the  recent 
article  by  Janousek  and  Brauman  which  provides  an  excellent  overview 
of  the  topics  discussed  here. 
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Experiment aj  Tec hniques 

Two  types  of  charge  transfer  techniques  have  proven  useful  in  the 
study  of  electron  affinities:    exothermic  charge  transfer  (CT)  and 
endothermic  charge  transfer  (ECT).    Exothermic  charge  transfer  yields 
limits  on  a  molecular  electron  affinity  by  observation  of  the  direction 
of  spontaneous  charge  transfer  between  negative  ions  and  target 
neutrals.    More  accurate  values  of  the  limits  for  the  electron  affinity 
may  be  surmised  if  the  exothermi city  of  the  charge  transfer  reaction 
can  be  estimated  (24).    Endothermic  charge  transfer  employs  the 
energy  of  translation  to  induce  a  nominally  endothermic  charge  transfer 
(25).    This  technique  enables  the  energy  dependence  of  the  cross- 
section  above  threshold  to  be  determined.    Collisional  ionization  is 
a  related  scheme  in  which  both  of  the  initial  reactants  are  neutrals. 
Collision-induced,  ion-pair  formation  lends  itself  to  the  evaluation 
of  the  product  negative  ion  electron  affinity  provided  the  positive 
ion's  ionization  potential  is  independently  known  (26).  These 
techniques  are  limited  by  the  residual  uncertainties    in  the  distribution 
of  the  excess  energy  between  translation  and  internal  modes  and  the 
detailed  distribution  of  the  internal  energy  for  systems  with  more 
than  one  degree  of  internal  freedom. 

A  variety  of  photodetachment  techniques  for  obtaining  electron 
affinities  have  been  developed.    These  include  fixed  (27)  and 
variable  (28)  frequency  photoel ectron  spectrometry  and  variable 
frequency  crossed  beam  (29)  and  drift  tube  (30)  photodetachment 
techniques.    The  rapid  development  of  variable  wavelength,  wide-wave- 
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length-tuning-range  lasers  of  excellent  monochromatici ty  has  greatly 
assisted  the  application  of  photodetachment  schemes.    The  major 
characteristic  distinguishing  the  different  photodetachment  techniques 
is  the  detailed  means  by  which  the  process  is  instigated  and  detected. 
The  fixed  frequency  photoelectric  experiment  employs  an  argon  ion 
(Ar+)  laser  (488.0  nra)  to  eject  electrons  from  a  beam  of  negative  ions. 
The  photoelectrons  are  energy  analyzed  over  a  defined  angular  collection 
aperture  to  obtain  the  photoelectron  spectrum.    Variable  frequency 
photoelectron  spectrometry  measures  the  production  of  photoelectrons 
as  a  function  of  the  irradiation  wavelength.    Beam  and  drift  tube  photo- 
detachment employ  either  neutral  beam  or  residual  ion  beam  detection 
rather  than  direct  analysis  of  the  ejected  electrons.    The  important 
advantage  of  a  drift  tube  experiment  is  the  reasonable  assurance  that 
an  ion  has  a  thermal  internal  energy  distribution  prior  to  photo- 
excitation. 

Ion  cyclotron  resonance  (ICR)  techniques  for  the  study  of  photo- 
induced  processes  of  ions  merge  the  advantage  of  drift  tube  thermal iza- 
tion  with  controlled,  low  energy,  electron-impact  production  of 
negative  ions  to  minimize  ion  internal  excitation  (31-32).    The  pulsed 
ICR  technique  is  capable  of  characterizing  effects  of  ion  internal 
excitation  by  varying  the  time  available  for  the  collisional  de-excitation 
prior  to  photoexcitation  (33). 

Theoretical  Techniques 

Evaluation  of  the  experimental  measurement  of  electron  affinities 

has  been  hampered  by  the  absence  of  reliable,  theoretical  predictions 

of  the  electron  affinity  and  by  the  inability  to  predict  the  features 
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of  a  photodetachment  spectrum.    Means  of  estimating  electron  affinities 
and  evaluating  cross-section  behavior  have  been  developed  and  may  be 
classified  as  semiempi ri cal ,  ab  initio, and  collision  theory  techniques. 
Semiempirical  results  deal  solely  with  the  prediction  of  electron 
affinities.    Pritchard  (34)  gave  a  very  complete  historical  summary 
of  semiempirical  estimation  of  electron  affinities  based  on  observed 
lattice  energies  and  thermodynamic  arguments.    Person  (35)  suggested  a 
semiempirical  scheme  based  upon  the  charge-transfer  frequency  of 
donor-acceptor  complexes  (36)  and  its  relation  to  the  vertical  electron 
affinity  of  the  acceptor  and  derived  good  results  for  several 
diatomic  halogen  molecules.    Recently,  a  means  of  estimating  molecular 
electron  affinities  from  the  constituent  atoms'  electron  affinities  and 
positions  in  the  Periodic  Table  has  been  proposed  (37). 

Theoretical  determinations  of  electron  affinities  have  employed 
either  direct  or  indirect  schemes  (38).    Indirect  methods  consist  of 
individual  calculations  for  the  potential  energy  of  the  neutral  and 
negative  ion  states.    The  potential  energy  curves  generated  are  then 
used  to  obtain  values  for  the  adiabatic    and  vertical  electron 
affinities.    These  methods  are  constrained  by  the  necessity  of  very 
high  precision  in  the  individual  state  energies  since  the  electron 
affinities  are  given  as  the  difference  of  two  large  values,  yet  are 
quite  small  with  respect  to  the  total  energies  of  either  state.  In 
addition,  it  is  not  trivial  to  insure  that  the  calculations  for  both 
states  employing  a  common  calculation  technique,  Hartree-Fock ,  CI,  or 
perturbation  theory,  are  carried  out  to  the  same  order  when  the  number 
of  electrons  is  changed  by  one.    Finally,  the  electron  affinity  is 
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normally  of  the  order  of  the  correlation  energy  (39), the  energy 
associated  with  the  assumption  of  an  average  potential  due  to  all  of 
the  electrons  with  the  exception  of  the  electron  whose  energy  state  is 
calculated.    This  average  potential  is  an  assumption  basic  to  all 
Hartree-Fock  schemes  and  limits  the  value  of  this  particular  scheme 
for  electron  affinity  determination.    CI  accounts  for  correlation  effects 
by  including  a  number  of  electronic  configurations  into  the  energy 
calculations  (40).    Generally,  the  validity  of  any  indirect  method 
depends  upon  the  system  as  well  as  the  technique. 

Several  variations  of  a  direct  method  for  calculating  potential 
energy  differences  between  electronic  states  at  a  selected  nuclear 
configuration  have  recently  been  developed  (38).    These  techniques 
eliminate    the  inaccuracies  of  the  indirect  procedures.    The  method 
begins  with  a  calculation  of  the  neutral  potential  energy  curve.  An 
operator  simulating  the  addition  or  removal  of  an  electron  is  then 
applied  to  a  specific  point  on  the  potential  energy  surface.  This 
determines  the  ion  energy.    For  vertical  and  adiabatic  electron 
affinity  estimation,  this  method  appears  promising.    It  is  feasible, 
although  computationally  extensive,  to  generate  the  detailed  anion 
potential  surfaces  necessary  to  predict  spectral  behavior  for  the 
transitions. 

Photodetachment  spectral  analysis  consists  of  modeling  the  energy 
dependence  of  the  cross-section  at  threshold.    The  rigorous  mathematical 
basis  for  the  threshold  behavior  has  been  delineated  by  Wigner  (41). 
An  excellent,  detailed  derivation  of  the  theory  has  been  published  by 
Lane  and  Thomas  (42)  and  the  extension  of  the  formalism  to  a  coordinate 
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system  applicable  to  diatomics  is  well  documented  (43).    The  details 
of  the  theory  and  derivation  will  not  be  of  significance  here;  however, 
the  results  will  be  applied  in  analysis  of  the  observed  spectral 
behavior. 

Outline  of  the  Dissertation 
This  dissertation  presents  a  description  of  photodetachment 
studies  executed  on  molecular  negative  ions.    These  investigations  were 
carried  out  using  a  pulsed  ion  cyclotron  resonance  mass  spectrometer 
combined  with  a  pulsed,  flashlamp -pumped  dye  laser.    A  data  collection 
and  analysis  system  was  interfaced  to  the  experiment  to  simplify  and 
accelerate  data  reduction.    Chapter  II  describes  the  theory  of  ion 
cyclotron  resonance  as  it  pertains  to  ion  containment  and  detection. 
Chapter  III  addresses  the  details  of  the  experimental  procedure  and 
set-up.    Chapter  IV  presents  the  results  for  the  diatomic  halogen 
anions  investigated,  Cl2",  Br2",  and  BrCT.    Chapter  V  presents  the 
results  for  the  enolate  anion  of  acetophenone.    A  summary  of  the  results 
and  assessment  of  the  technique  for  the  study  of  molecular  anions  is 
put  forward  in  Chapter  VI. 

Appendix  I  documents  alterations  made  to  the  microcomputer  to 
enhance  its  data  handling  performance.    Appendix  II  itemizes  the 
control  registers  for  the  software  data  collection  and  analysis. 
Appendix  III  contains  the  microcomputer  programs  written  to  implement 
the  data  collection.    Appendix  IV  describes  the  sample  preparations 
and  handling  techniques  for  the  parent  compounds.   Appendix  V 
contains  the  calculated  potential  energy  curves  and  Franck-Condon 
analysis  for  Cl9  -  Cl0~. 


CHAPTER  II 
THEORY  OF  ION  CYCLOTRON  RESONANCE 

The  study  of  photo-induced  processes  of  gas  phase  ions 
necessitates  a  well-defined  region  of  observation  and  the  minimization 
of  non  photo-induced  ion  losses.    In  addition,  a  sensitive  method  of 
sufficient  resolution  is  required  for  the  detection  of  ions  of 
varying  mass-to-charge  ratios.    The  classical  motion  of  a  charged 
particle  in  electric  and  magnetic  fields  is  applied  to  the  spatial 
restriction  and  the  detection  of  ions. 

Ion  Motion  in  Static  Fields 
An  isolated,  charged  particle  in  motion  located  in  a  magnetic 
field  interacts  with  the  field  classically.    This  interaction  of 
charged  particle  and  magnetic  field  constrains  the  particle  motion  in 
the  plane  perpendicular  to  the  field.    For  a  uniform  and  static 
magnetic  field,  the  interaction  of  the  particle  and  the  field  results 
in  the  gyration  of  the  particle  about  the  magnetic  field  lines. 
The  field-induced  motion  is  characterized  by  the  frequency  of  the 
rotation,  w,  given  as  (44) 

u  -  qB/m  (1) 

where  q  is  the  charge  on  the  particle,  m  is  the  particle  mass,  B  is 
the  magnitude  of  the  magnetic  field  strength  and  u  is  the  natural 
cyclotron  frequency.    Although  the  component  of  the  initial  particle 
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velocity  perpendicular  to  the  field,  v0^,must  be  nonzero  for  this 
interaction,  significantly,  the  frequency  of  gyration  is  independent 
of  the  actual  magnitude  of  the  velocity  component.    Therefore,  ions 
of  identical  charge-to-mass  ratios  circulate  about  the  magnetic  field 
lines  at  a  single  natural  cyclotron  frequency  regardless  of  the 
distribution  of  velocity  components,  vq^.    The  component,  vQ  ,  remains 
significant  since  the  radius  of  gyration,  r,  retains  a  functional 
dependence  on  vq 

The  motion  of  a  charged  particle  in  the  presence  of  uniform  and 
static  electric  and  magnetic  fields,  E  and  B,  respectively,  is 
governed  by  the  Lorentz  force  law, 

F  =  q(E  +  v  x  B)  (3) 

where  y_  is  the  particle  velocity.    This  equation  is  readily  soluble 
for  the  assumed  field  conditions  for  the  equations  of  motion  of  the 
particle  (44).    For  the  simplified  field  conditions  in  which  E  and  B 
are  mutually  perpendicular,  the  equations  of  motion  dictate  a 
trochoidal    path,  the  superposition  of  the  cyclotron  motion  and  the 
drift  of  the  center  of  the  cyclotron  orbit  perpendicular  to  both 
fields  (Figure  1).    The  separation  of  the  complex  trajectory  of  the 
particle  into  the  cyclotron  and  drift  components  is  a  useful 
modification  for  the  analysis  and  visualization  of  ion  motion  in 
complicated  electrostatic  fields.    The  center  of  the  cyclotron  motion 
is  referred  to  as  the  "guiding  center"  and  the  separation  of  motions 
is  called  the  "guiding  center  "  or  "drift "  approximati on  (45). 
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Three-dimensional  ion  containment  is  not  accomplished  with  the 
simple  field  conditions  thus  far  treated.    In  neither  of  the  cases 
considered  has  the  motion  of  the  particle  parallel  to  the  magnetic 
field  lines  been  restricted.    Also,  the  transverse  electric  field 
induces  a  particle  drift  producing  a  channel  for  ion  loss  perpendicular 
to  both  the  electric  and  magnetic  fields.    Consequently,  a  configuration 
of  fields  eliminating  these  ion  loss  channels  must  be  selected. 

The  trapped  ion  cell  developed  by  Mclver  produces  an  electro- 
static potential  for  which  the  equipotential  lines  close  on  themselves 
in  the  plane  perpendicular  to  the  magnetic  field  in  addition  to 
forming  an  electrostatic  potential  well  parallel  to  the  magnetic 
field  axis  (46).    The  cell  geometry  and  definition  of  coordinate  axes 
are  indicated  in  Figure  2,  which  also  indicates  the  direction  of  the 
magnetic  field  for  subsequent  discussion.    The  cell  consists  of  six 
electrically  independent  plates.    For  effective  negative  ion  trapping, 
the  upper  (U),  lower  (L),  and  end  (E)  plates  are  held  at  +1.0  volt, 
while  the  trapping  (T)  plate  potentials  are  -1.5  volts.    In  the  case 
of  positive  ion  trapping,  the  polarity  of  each  plate  potential 
is  reversed.    The  solution  of  Laplace's  Equation  for  a  cell  identical 
to  that  shown  in  Figure  2  has  provided  an  expression  for  the  three- 
dimensional  potential  produced  in  the  cell  interior  (47).  An 
analytic  approximation  to  this  expression  valid  near  the  center  of 
the  cell  yields  a  quadrupolar  electric  field 

2(VT-VQ) 

£  =  — 2 —  (aX  i +  Xy  i  ■  Bz  K)  (4) 
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where  a  is  the  cell  width,  Vy  is  the  trapping  plate  potential,  VQ  is 
the  upper  and  lower  plate  potential  and  a,  a  and  3  are  constants 
related  to  the  actual  dimensions  of  the  cell.    The  restriction  of  ion 
motion  is  evident  when  the  guiding  center  motion  is  evaluated  for  the 
approximately  quadrupolar  cell  potential. 

The  expression  for  the  drift  velocity  of  the  guiding  center,  v^, 

is 

Id  =  I  x  I  /  B2.  (5) 

With  the  magnetic  field  direction  as  defined  (Figure  2),  the  drift 
velocity  in  component  form  becomes 

vdx  =  Ey/B  =[2X(VT-  VQ)/a2B]y 

and 

vdy  =  -Ex/B  =[-2o(Vr  V0)/a2B]x  .  (6) 

Clearly,  the  drift  velocity  vector  in  any  plane  of  constant  z  lies 
in  the  plane  and  is  perpendicular  to  the  electric  field  vector,  E. 

Since  E  is  everywhere  perpendicular  to  the  equipotential  lines, 
ion  drift  occurs  along  the  closed  equipotential  lines  of  the  electro- 
static field.    The  frequency  of  the  drift  along  the  elliptical 
equipotential  lines  is  derived  from  the  solution  of  the  equations  of 
motion  in  the  quadrupolar  field  as  (47) 

n  =  2(VT-Vo)  (<*)h 

a2B  '  (7) 

Therefore,  in  the  trapped  ion  cell,  the  circulation  of  the  guiding 
centers  about  elliptical  paths  defined  by  the  electrostatic  equi- 
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potential  lines  at  frequency  a  eliminates  the  mechanism  of  drift 
loss  of  ions. 

The  remaining  component  of  the  electric  field,  E  ,  is  of  the 
form  (47) 

iz  =  -Kz  k  (8) 

where 

K  =  2(VT-  VQ)6/a2. 

Substitution  of  this  expression  into  the  z-component  of  the  Lorentz 
force  law  (2)  yields  the  equation  for  simple  harmonic  motion  of  a 
charged  particle  along  the  magnetic  field  lines 

vz  =  -V  z  (9) 

where  u>T  =  (qK/m)"2.    Oscillatory  motion  along  the  z  axis  is  imposed 
upon  ions  whose  initial  total  energy,  kinetic  and  potential,  is  less 
than  the  trapping  potential  well.    A  side-effect  of  the  electrostatic 
restriction  of  the  ions  in  the  z-di recti  on  is  a  shift  in  the  observed 
cyclotron  frequency  from  the  natural  cyclotron  frequency,  u.  The 
effective  cyclotron  frequency,  u  ,  is  (47) 

a,    =  (tt2_„  2,%     {M2.[2(VT-  VQ)  (10) 
L  1  a2B 

Clearly,  alteration    of  the  trapping  potentials  results  in  a  shift 
of  the  cyclotron  frequency  unless  compensated  with  an  appropriate 
alteration  of  the  magnetic  field  strength. 

Typical  values  of  the  ion  motion  parameters  for  an  ion  of  mass 
number  70  and  unit  negative  charge  in  a  magnetic  field  of  0.70  Telsa 
with  the  standard  plate  potentials  are 
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Natural  cyclotron  frequency,  o)/2tt  153.6  kHz 

Radius  of  cyclotron  orbit,  r  0.2  mm 

Drift  frequency,     /2-rr  214  Hz 

Drift  velocity,  Vcj  0.27  m/sec 

Trapping  frequency,  a^/2-rr  24.4  kHz 

Observed  cyclotron  frequency,  ^c/2t\  152  kHz 

where  vx=vy=vz  is  2  x  102  m/sec.    The  motion  of  the  ion  proceeds  as 
follows:    during  the  period  of  one  complete  oscillation  of  the  guiding 
center  along  the  magnetic  field  line  (TwT  ~  40  us)  the  ion  will  have 
completed  six  rotations  about  the  guiding  center  (T    ~  6ms)  and  the 
guiding  center  will  have  drifted  along  an  electrostatic  equipotential 
line  and  perpendicular  to  the  magnetic  field  axis  a  distance  of 
approximately  0.01  mm. 

Ion  Motion  in  an  RF  Electric  Field 
An  rf  electric  field  takes  the  form 

Ej(t)  -  Ej  sin  (o^t)    i_  (H) 

for  a  field  linearly  polarized  in  the  x-direction.    A  linearly 
polarized  rf  field  may  be  decomposed  into  counterrotating  circularly 
polarized  fields 

E  :(t)  =  -j-    sin  (Ult)  i_  +  -~  cos  (u^t)  j 

and 

El  Ei 

E  x(t)  =  y-  sin  (a^t)    j_  -  -j-  cos  (u^t)  j  (12) 
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Restricting  consideration  to  the  circularly  polarized  component  of 
the  same  sense  as  the  ion  motion,  _E+1(t)  (48),  the  force  equation  in 
component  form  becomes 


dux  qE1 

~dT  =  "2m~  S1n  K*)  +  Vy 


"dt  =  -W   cos  ^  -  Vx 


(13) 


Transforming  and  solving  these  equations  yields  the  velocity  components 
driven  by  the  rf  electric  field  in  a  static  magnetic  field 

UX(t)  =  2m(a.1-a.c)     [C0S   ^Ct}  "  C°S  (wlt)] 

(14) 

-  qEa 

uy(t)  =  2m(o.ra)  )    [sin  (V}  "  sin  <wit)]' 

The  time  dependent  expression  for  the  energy  of  the  motion,  E  (49), 
attributable  to  the  combined  rf  electric  and  static  magnetic  field  is 

2r  2 

dE  1  Ei 

dt  =  q^,E-  =  4m(Wl-w  )  {fcos(u)ct)  -  cos(a)1t)  ]  sin^t) 

C  (15) 
-tsin(o>ct)  -  sinfo^t)]  cos^t)  ). 

Equating  the  instantaneous  kinetic  energy,  dE/dt,  to  the  spontaneous 
power  absorption,  A(t),  and  simpl ifying  the  trigonometric  terms 
produces  an  expression  for  A(t) 

A(t)  =  dE/dt  =  4is^YJT)  sin  ^rwc}t-  <16) 
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This  general  expression  for  instantaneous  power  absorption  may  be 
evaluated  for  the  conditions  of  ion  resonance  and  extended  rf 
irradiation  to  determine  the  average  power  absorption  per  resonant  ion. 

Substituting  into  the  expression  for  the  kinetic  energy,  E=Jsmv2, 
yields  the  particle  kinetic  energy  due  to  rf  excitation 

ah  2 

=  2m(a,1  -  ujt     S1n  C-^-g— £)  t.  (17) 

The  instanteous  power  absorption  is  then  readily  converted  to  the 

average  power  absorption,  Afwj),  over  the  period  of  irradiation,  T, 

2  ? 
q  E  1 


A(wl)=TM^V)2    H-cosUj-^T).  (18) 

Finally,  the  behavior  of  these  quantities  at  resonance  )  can  be 

evaluated 

A(t)  =  (d£/dt)  =   


4m 


A(<d J 


E  8m 
q2El2T 


(19) 


c'  8m 


The  rf  electric  field  directly  influences  the  cyclotron  motion  of  the 
ion  about  the  magnetic  field  lines.    The  nature  of  the  interaction 
becomes  evident  when  the  time  dependent  radius  of  the  cyclotron  motion 
in  the  field  is  derived 

cE.      sin  (<d  -u>  )t 
r(t)  =  -g-   ±— £-/  («-•»)•  (20) 
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At  resonance  i^f^c)  Equation  20  reduces  to 

cEl 

r  =  ~2T  t'  (2D 


The  radius  of  gyration  of  an  ion:  in  resonance  increases  linearly  with  the 
irradiation  time  and  with  the  electric  field  amplitude.    At  higher 
magnetic  fields  the  resonant  ion  radius  is  smaller  for  the  same  rf 
irradiation  conditions.    The  radius  of  a  nonresonant  ion  is  seen  to 
be  varying  with  time  but  is  bounded  as  a  result  of  the  phase  mismatch 
between  the  resonant  frequency  of  the  ion  and  the  driving  rf 
field  (Figure  3). 

The  motion  of  a  collection  of  ions  with  a  distribution  of 
velocities  has  been  determined  from  the  equations  for  single  particle 
motion  (47).    In  the  trapped  ion  cell,  ions  are  formed  through  the 
interaction  of  a  pulsed  electron  beam  directed  along  the  z-axis  with 
a  sample  gas  in  thermal  equilibrium.    Assuming  that  there  is  no 
gradient  of  electron  energy  along  the  electron  beam  (generally  invalid) 
and  that  the  electron  pulse  is  long  with  respect  to  the  period  for 
simple  harmonic  motion  along  the  z-axis  (generally  true),  then  the 
ions  can  be  assumed  to  be  uniformly  distributed  along  the  z-axis. 
The  uniform  distribution  of  guiding  centers  along  the  z-axis  drifts 
along  equipotential  field  lines.    If  an  electron  beam  of  circular 
cross-section  is  assumed  the  initial  distribution  of  guiding  centers 
is  circular  in  the  xy-plane.    The  geometry  of  the  initial  distribution 
is  altered  due  to  the  variation  in  ellipticity  of  the  paths  followed 
by  individual  ions  as  a  function  of  the  distance    from  the  z-axis 


Figure  3.    Time- Dependent  Radii  for  Non-Resonant  Particles. 
ui  _u>r 

r  +  f  and  rmin  is  equal  to  r-f .    For  (SlgSL)  = 

2  ^  ^'cE™*  15  6qUal  t0  "  +  ^  rmin  is 
equal  to  r-jg-. 
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at  the  drift  frequency,  n.    This  produces  an  oscillation  of  the 
population  of  guiding  centers  between  a  circular  distribution  and  an 
elliptical  distribution  at  twice  the  drift  frequency,  which  for  the 
numerical  example  above  corresponds  to  428  Hz.    However,  the  duration 
of  the  electron  beam  pulse,  ~25  ms,  is  longer  than  the  period  of  the 
guiding  center  drift  oscillation,  -2.3  ms,and  the  ions  will  be 
uniformly  distributed  along  the  elliptical  orbits  if  ion  formation  is 
constant  during  the  electron  beam  pulse.    Therefore,  ions  formed  at 
any  instant  exhibit  a  shifting  population  distribution  but  the  total 
collection  of  ions  is  uniformly  distributed  along  elliptical  drift 
1 ines. 

Ion  Detection 

Power  absorption  by  an  ion  from  an  amplitude  limited  rf 
electric  field  is  the  basis  of  ion  cyclotron  resonance  detection. 
Obviously  the  means  for  generating  a  suitably  stable  rf  field  and  a 
means  of  detecting  absorption  of  the  field  are  required.    Both  of  these 
functions  can  be  accomplished  with  a  marginal  oscillator  detector. 

Marginal  oscillator  circuit  applications  in  ion  cyclotron 
resonance  detection  (50)  are  completely  analogous  to  their  earlier 
application  in  nuclear  magnetic  resonance  (nmr)  detection  (51). 
Consequently,  ion  cyclotron  resonance  marginal  oscillators  have  evolved 
with  few  modifications  from  nmr  marginal  oscillators.  Two 
alterations  of  the  basic  marginal  oscillator  circuit  serve  to  adapt 
it  for  use  in  a  pulsed  mode  (52).    First,  the  addition  of  a  limiter 
in  the  feedback  loop  of  the  oscillator  insures  reliable  low  level 
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operation  as  required  for  ion  detection.    Second,  a  gated  amplifier 
serves  to  pulse  the  circuit  output  with  the  application  of  an 
externally  derived  gate  pulse. 

The  analysis  of  marginal  oscillator  detection  can  be  carried  out 
in  terms  of  the  gated,  limited  feedback  oscillator  (Figure  4).  The 
parallel,  GLC  (conductance-inductance-capacitance)  tank  circuit 
of  the  oscillator  has  a  resonant  frequency 

"o  =  WH  (22) 

where  L  is  the  circuit  inductance  and  C  is  the  circuit: and  cell 
capacitance.    The  conductance,  G,  represents  resistive  losses  in  the 
circuit.    The  limiter  supplies  a  constant  amplitude  signal, 
VQ,  to  the  resonant  circuit  through  the  feedback  resistor,  Rf.  At 
resonance,        =  (^L)"1,  hence  the  admittance  is  a  pure  conductance 
and  the  voltage  across  G,  Vp,  becomes 

\  ■  tl^H.  ■  <*> 

where  VQ  is  the  rms  voltage  level  from  the  limiter  and  VG  is  the  rms 
voltage  level  across  the  resonant  circuit.    An  infinitesimal  change 
in  conductance  directly  affects  the  rms  voltage  level  of  the 
resonant  circuit 

AV_G    -         VoRf        -       VGRf      .  (24) 
AG  (1  +  GRf)2        1  +  GRf 

The  power  absorption  (aa)  due  to  a  change  in  the  cell  conductance 
is  represented  by  the  total  derivative  of  the  instantaneous  power 
with  respect  to  the  conductance  and  the  voltage  across  the  conductance, 

AA  =  -VG  •  AVG  (1± (25) 
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The  expression  for  the  instantaneous  power  absorption  of  a  resonant 
ion  (Equation  19)  is  equated  to  Equation  25  and  solved  for  AV„ 

b 

q2Ei2t  ,      Rf  4 

AVr  =  -  2—± —  (  ■ — ).  (26) 

G  4mVG      1  +  GRf  {  1 

The  criterion  for  maximum  power  transfer  is 

G"1  =  Rf  (27) 

as  would  be  anticipated.    This  solution  is  extended  to  n  ions  and 
the  average  value  of  AVQ  for  such  an  ensemble  is 

"'Trn^T    (l*8Rf)-  (28) 

Equation  28  contains  the  important  aspects  of  the  detection  process. 
First,  signal  intensity  is  a  direct  measure  of  the  number  of 
resonant  ions.    Implicit  is  the  assumption  that  the  ion-field 
interaction  is  not  interrupted  by  particle  collisions,  reactive  or 
nonreactive,  or  by  loss  of  ions  due  to  containment  leaks.    In  practice, 
t  is  short  with  respect  to  ion  loss  mechanism  characteristic  times  and 
this  expression  is  valid.    Second,  the  signal  intensity  is  inversely 
related  to  the  mass  of  the  ion.    This  complicating  behavior  must  be 
considered  in  pulsed  ICR  mass  spectrometry  analyses.    Third,  the 
average  voltage  level  change  as  derived  has  an  ambiguous  dependence 
on  the  rf  field  strength.    An  alternate  expression  clarifies  this 
dependence 

AVn    =  -  -M^L  v    (    Rf      \  foQ\ 
G  2      VG  TT^SR7-  (29) 

ma  f 


30 


Thus,  the  voltage  change  due  to  absorption  is  linearly  related  to  the 
voltage  across  the  circuit  and  inversely  proportional  to  the  square 
of  the  plate  separation,  a,  across  which  the  rf  field  is  applied. 

In  practical  pulsed  ICR,  the  transient  voltage  level  change  is 
integrated    over  the  period  of  the  rf  irradiation.    The  resulting 
amplitude  may  be  sampled  and  held  for  display  or  transfer. 
Integration  alters  the  dependence  of  the  signal  on  the  irradiation 
period  so  that  the  integrator  output  level  is  now  described  by 

G  8mVQ       4  +  GRf; 


or 


(30) 


AV    -     nq2yGt2    ,    Rf  * 
G  2ma       (1  +  GRf] 

when  the  instantaneous  change  in  the  voltage  level  is  linear  over 
the  period  of  integration.    The  negative  sign  in  the  numerator  of 
Equations  26-30  is  removed  by  inversion  of  the  signal  voltage 
level   in  the  post -detection  electronics. 


CHAPTER  III 
EXPERIMENTAL  APPARATUS 

The  pulsed  ion  cyclotron  resonance  experiments  presented  in  this 
dissertation  required  the  interfacing  of  electronic,  optical,  and 
vaccum  components.    The  central  component  of  any  ion  cyclotron 
resonance  experiment  is  the  ion  cell.    The  electronics  apply 
required,  properly  timed  pulses  and  excitations  to  the  ion  cell  and 
detect  the  influence  of  the  contained  ions  on  an  applied  rf  field. 
The  vacuum  system  provides  a  suitable  environment  at  the  cell  for 
the  production,  maintenance,  and  detection  of  ions.    Since  the 
experiments  described  involve  radiative  transitions  of  ions,  a  suit- 
able radiation  source  must  be  coupled  to  the  ion  containment  region 
through  the  vacuum  hardware  and  ion  cell.    In  addition,  the 
radiation  source  must  be  controlled  by  an  appropriate  trigger  so  as 
to  operate  synchronously  with  the  potentials  and  excitations  employed 
in  the  ion  detection  process. 

Trapping  Cell 

The  trapped  ion  analyzer  cell  (Figure  5)  requires  six  dc 
potentials  in  conjunction  with  the  uniform,  static  magnetic  field  to 
produce  an  effective  ion  trap.    The  dc  potential  polarities  are 
dictated  by  the  polarity  of  the  ion.    The  trapping  plate  potentials 
are  the  same  polarity  as  the  ion,  while  end,  lower,  and  upper  plates 
are  of  opposite  polarity.    Typically  the  dc  potentials  are 
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symmetric.    Absolute  voltage  level s  of  one  volt  for  the  end,  upper,  and 
lower  plates  with  trapping  plate  potentials  of  one  and  one-half  volts 
are  sufficient  for  effective  trapping. 

The  cell  dc  potentials  are  taken  from  the  regulated  five-volt 
power  supply  of  the  digital  pulse  electronics  (53)  (Figure  6).  A 
500  ft,  ten-turn  variable  resistance  connected  across  the  +5  volt  and 
-5  volt  busses  defines  the  dc  level.    The  dc  lines  are  buffered  to 
the  appropriate  cell  plates  to  insure  that  the  dc  power  supply  loading 
is  minimal . 

Filament  and  grid  dc  potentials  are  also  produced  in  the  digital 
pulse  electronics  package  (53).    The  voltage  range  is  0  to  -100  volts 
for  each.    The  filament  current  is  provided  by  a  Kepco  1000-0.2  (M) 
Filament  Power  Supply  (54). 

The  electron  current  through  the  cell  is  monitored  at  a 
positively  biased  collector  plate.    Current-to-voltage  conversion 
and  amplification  produce  a  measurement  suitable  for  display  on  an 
oscilloscope.    A  collector  output  voltage  of  1  volt  corresponds  to 
an  electron  current  of  1  microamp.    Typical  electron  currents  are  on 
the  order  of  0.01  microamps. 

Vacuum  Apparatus 
The  vacuum  apparatus  is  illustrated  schematically  in  Figure  7. 
The  main  vacuum  can  and  low  vacuum  and  high  vacuum  manifolds  are 
constructed  of  stainless  steel.    A  variety  of  gasket  materials  are 
used  in  the  manifold  connections.    A  gold  wire  gasket  is  used  at  the 
main  vacuum  can  to  high  vacuum  mani fold  connection.    Copper  gaskets 
are  used  at  manifold-pump  connections  and  nickel  gaskets  are  used  for 
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ionization  gauge  joints.    In  addition,  valves  B  and  G  contain  poly i mi de 
0-rings  and  valve  C  a  Viton  A  seal.    Two-inch  oil  diffusion  pumps 
(A)  (CVC  Model  PM-120)  (55)  with  appropriate  backing  pumps  maintain 
the  vacuum  of  the  two  independent  vacuum  manifolds.    The  ultimate 
pressure  attained  in  the  high  vacuum  manifold  is  (1-3)  x  10"8  Torr  as 
measured  at  the  Bayard-Alpert  ionization  gauge  (I).    Pressure  of  the 
inlet  manifold  is  determined  with  a  cold  cathode  discharge  gauge 
(J).    Typical  inlet  manifold  pressures  are  (0.1-1.0)  x  10"5  Torr.  The 
sample  is  leaked  from  the  inlet  manifold  to  the  main  vacuum  can  through 
sapphire  seal  leak  valves  (F)  (56).    The  titanium  sublimation  pump  (H) 
(55)  maintains  the  vacuum  in  the  high  vacuum  manifold  during  periods 
of  inactivity. 

The  location  of  the  trapped  ion  cell  (N)  and  the  V-3400  low 
impedance  electromagnet  (57)  pole  faces  (M)  are  shown  for  clarity.  An 
anti reflectivity-coated  optical  glass  window  (L)  was  mounted  on  the 
end  of  the  main  vacuum  can  by  modifying  a  standard  flange. 

Optical  Apparatus 
A  standard  Candela  dye  laser  system  comprised  of  an  ED-100U  head 
assembly,  CL-100  flashlamp,  a  dye  cavity  with  anti reflect! vity-coated 
optical  windows,  and  a  variable  high  voltage  (25  kV  maximum) 
power  supply  was  employed  in  the  photo-experiments  (58).    The  ED-100U 
head  produces  a  high  energy  discharge  through  the  Xe  flashlamp  of 
the  CL-100  flashlamp  assembly  upon  sparkgap  triggering.    The  pressurized 
(5-7  PSI  dry  N2)  sparkgap  can  be  triggered  manually  or  electronically. 
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Circuitry  was  constructed  to  transform  a  1  ms  TTL  level  pulse  into 
the  150  volt,  1.5  ms  sparkgap  firing  pulse  to  permit  synchronous 
control  by  a  TTL  pulse  sequence  (59). 

The  dye  reservoir  volume  and  circulation  speed  are  sufficient 
to  insure  that  the  dye  cavity  is  flushed  with  fresh  dye  for  each 
laser  shot.    A  Micropump  Model  10-85-316-865  pump  circulates  the 
dye  solutions  (60).    Dye  lines  of  polypropylene  tubing  are  employed  to 
minimize  dye  degradation  due  to  leaching  of  impurities  from  the 
lines  (61).    A  Pall  liquid  filtration  system  was  added  to  the  dye 
circulation  system  to  remove  particles  which  scatter  light  and 
reduce  the  efficiency  of  the  dye  laser  (62). 

Dye  solutions  were  made  up  to  a  total  volume  of  two  liters  in 

100%  ethanol  obtained  from  chemical  stores.    The  procedure  for  mixing 

the  dye  solutions  was  to  start  with  an  initially  highly  concentrated 

solution  and  dilute  the  solution  with  ethanol  until  the  output  was 

maximized.    This  resulted  in  dye  solution  concentrations  on  the  order 
-4  -5 

of  10     to    10     molar.    Laser   dyes  which  were  used  in  the  photo- 
experiments, as  well  as  dyes  which  were  tested  but  did  not  lase 
with  sufficient  intensity  or  lased  only  over  a  very  restricted 
wavelength  range,  are  listed  in  Table  1.    Nomenclature  for  the  dyes 
is  that  of  Exciton,    the  primary  supplier  of  dyes  used  in  this 
study  (63).    The  position  of  the  dye  laser  cavity  relative  to  the 
main  vacuum  can  and  subsidiary  optical  components  is  illustrated  in 
Figure  8. 

Wavelength  selection  was  achieved  by  incorporating  a  blazed 
relection  grating  in  autocol limation  as  one  end  of  the  optical 


Table  1.    Laser  Dyes  and  Observed  Lasing  Wavelength  Regions 


Dye  Observed  Useful  Wavelength  Range  (nm) 


LD  423 

No  activity 

LD  440 

No  activity 

LD  450 

No  activity 

LD  460 

445-465 

LD  473 

Extremely  weak 

LD  480 

470-485 

LD  490 

470-510 

Coumarin  540 

510-550 

Fluorol  555 

No  activity 

Rhodamine  6G 

575-605 
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resonator.    All  gratings  used  were  blazed  at  500  nm.    Either  a  1200 
line/mm  PTR  (64)  or  Bausch  and  Lomb  grating  (65)  was  employed  for 
these  studies.    The  general  characteristics  of  these  gratings  are 
presented  in  Table  2.    In  a  few  studies  a  600  line/mm  grating  obtained 
from  Edmund  Scientific  (66)  was  also  used.    The  grating  selected 
was  mounted  on  a  Burleigh  SG-101  Star  Gimbal  Mount  and  SG-305  Mount 
Base  (67).    This  assembly  was  fixed  to  a  rotating  base  driven  by  a 
motor-turned  lead  screw/lever  arm  assembly. 

At  the  ion  cell,  the  laser  cavity  optical  element  was  a  copper 
mirror  attached  physically  to  and  contacting  electrically  the  end 
plate  of  the  trapped  ion  cell.    Visual  inspection  of  this  mirror 
indicated  that  it  was  of  low  quality  and  the  surface  was  in  poor 
condition.    Replacement  of  the  copper  mirror  with  a  reconditioned  90% 
reflecting  Al  mirror  did  not  markedly  improve  the  laser  output. 

Wavelength  selection  is  determined  solely  by  the  dispersive 
cavity  element,  the  diffraction  grating.    Since  the  grating  drive 
was  uncalibrated,  a  beamsplitter  on  the  optical  axis  split  a  fraction 
of  the  incident  light  to  a  monochromator  for  spectral  analysis. 
An  American  Instrument  Company  Model  1-8401  monochromator  (68)  and 
and  Instruments  SA  J-Y  H20  0.5  meter  monochromator    (69)  were  used. 
Both  were  periodically  calibrated  versus  Hg  lines  and  the  632.8  nm 
line  of  a  HeNe  laser. 

Following  wavelength  determination  at  a  particular  grating  angle, 
a  GenTec  ED  200  Joulemeter  (70)  was  positioned  to  intercept  the 
fraction  of  the  beam  split  to  the  monochromator.    The  joulemeter 
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output  and  was  read  from  an  oscilloscope  or  transferred  through 
properly  buffered  inputs  (1  Mft)  to  a  data  collection  system. 

The  simplicity  of  the  optical  arrangement  did  not  lead  to  fast  and 
simple  alignment,  since  one  element  of  the  laser  cavity  was 
contained  inside  the  vacuum  can  and  was  not  stationary  with  respect 
to  the  remaining  laser  cavity  components.    Alignment  was  aided  by 
use  of  a  Spectra  Physics  155  HeNe  Laser  (71)  which  could  be  directed 
first  to  align  the  vacuum  can  laser  cavity  element  relative  to  the 
oscillator  cavity  and  then  redirected  to  align  the  grating  with  respect 
to  the  oscillator  cavity. 

The  dye  laser  head  and  high  voltage  power  supply  werecontained 
in  separate  rf  shield  cages.    This  shielding  eliminated  rf  inter- 
ference with  the  marginal  oscillator  detector  circuitry. 

Pulsed  Electronics 

A  pulsed  ion  cyclotron  resonance  experiment  requires  a  sequence 
of  control  pulses  of  variable  delay  and,  in  some  instances,  variable 
width  to  govern  the  timing  of  ion  formation,  ion  detection,  ion 
removal  from  the  cell  and  when  desired,  ion  irradiation.    A  digital 
synchronously-timed  control  system  has  been  constructed  for  the 
generation  of  the  requisite  pulses    (53)  (Figure  9). 

A  typical  pulse  sequence  is  initiated  by  two  internal  pulses 
that  are  required  to  reset  and  clamp  the  counters  and  flip-flops 
(precondition  pulse)  and  serve  as  the  zero  time  reference  (start 
pulse)  for  the    working    pulses:    "grid",  "detect",  "sample", 
"integrator  reset",  "quench  ',  "u  :,  and  "free"  pulses.    The  grid, 
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detect,  quench,  and  ^  pulses  are  of  variable  delay  and  variable  width 
and  consequently  each  pulse  has  two  assigned  timing  circuits.  The 
emaining  pulses,  sample,  integrator  reset,  and  free  are  of  variable 
delay  but  constant  width  and  each  requires  only  a  single  timing 
circuit.    Delay  timers  for  all  pulses  are  referenced  to  the  25  ys  start 
pulse.    Pulse  width  timers  begin  counting  at  the  end  of  their 
corresponding  pulse  delay.    The  delay  timers  may  be  collectively 
operated  at  one  of  three  available  clock  frequencies.    Clock  frequencies 
of  10  kHz,  1  kHz,  and  100  Hz  may  be  selected  to  yield  minimum  pulse 
delays  of  0.1  ms,  1  ms,  and  10  ms,  respectively.    The  pulse  width  timers 
are  operated  from  a  set  clock  frequency  of  10  kHz  and  produce  a  minimum 
width  pulse  of  0.1  ms.    Each  pulse  delay  and  width  is  selected  by 
three-decade  thumbwheel  switches. 

The  grid  pulse  is  the  first  working  pulse  generated  following  the 
start  pulse.    The  grid  pulse  is  amplified  so  that  low  is  0  volts  and 
high  is  +10  volts.    This  pulse  is  mixed  with  a  variable  dc  level  and 
applied  to  the  grid  separating  the  rhenium  filament  from  the  electron, 
beam  entrance  slit  in  the  side  plate  of  the  trapped  ion  cell.  The 
variable  dc  grid  potential  is  set  to  be  5  volts  more  negative  than 
the  variable  dc  filament  potential  and  the  electrons,  emitted  at  the 
filament,  do  not  pass  through  the  grid  into  the  cell.    During  the  grid 
pulse  the  potential  of  the  grid  is  5  volts  more  positive  than  the 
filament  potential  and  electrons  are  accelerated  into  the  cell. 


50 


The  detect  pulse  serves  several  functions.    First,  it  controls 
the  marginal  oscillator  rf  output  to  the  lower  plate  of  the  cell 
through  the  gated  amplifier  in  the  li miter  feedback  circuit  of  the 
marginal  oscillator  as  described  by  Mclver  (46).    Second,  in 
combination  with  a  variable  length,  inverted  pulse  from  a  one-shot 
which  itself  is  triggered  by  the  rising  edge  of  the  detect  pulse, 
the  detect  pulse  produces  an  integrate  pulse  during  which  the  integrator 
is  active.    The  logical   :'AND"ing  of  the  detect  pulse  and  inverted 
one-shot  pulse  eliminates  the  initial  spike  observed  in  the  marginal 
oscillator  output  due  to    mismatching  in  the  marginal  oscillator 
compensation  circuitry  (53),    The  falling  edge  of  the  detect  pulse 
triggers  a  one-shot  which  produces  a  2  ms  sample  pulse  to  activate  the 
sample/hold  circuit.    Ion  detection  is  a  concerted  action  of  the 
marginal  oscillator,  integrator,  and  sample/hold  circuits.    The  detect 
pulse  gates  on  the  marginal  oscillator  and  integrator  and  the  ions 
are  irradiated,  the  power  absorption  is  determined  and  is  converted  to 
a  voltage  level  at  the  integrator  output.    At  the  end  of  the  detect 
(and  integrate)  pulse  the  2  ms  sample  pulse  is  generated  and  the 
sample/hold  circuit  samples  its  input  which  is  the  output  of  the 
integrator.    Finally,  an  independently  generated  integrator  reset 
pulse  resets  the  integrator  prior  to  the  next  pulse  sequence. 

To  insure  that  only  ions  produced  during  a  single  grid  pulse  are 
present  during  a  detect,  a  quench  pulse  is  applied  to  the  upper 
plate  to  eject  all  ions  from  the  cell  prior  to  repetition  of  the 
pulse  sequence.    A  pulse  of  either  polarity  will  perturb  the  trapping 
field  and  remove  the  ions  from  the  cell. 
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The  u>2  pulse  is  used  as  a  gate  for  an  external  gateable  rf 
oscillator  whose  output  is  then  applied  to  the  upper  cell  plate  for 
excitation  of  ions  which  are  nonresonant  at  the  selected  magnetic 
field  and  marginal  oscillator  frequency.    This  excitation  serves  two 
purposes.    At  low  voltage  levels  ^  excitation  increases  the  ion 
translational  energy  while  trapping  remains  efficient.    At  high  voltage 
levels  y  excitation  ejects  the  ^  resonant  ion  from  the  cell  (72). 

The  free  pulse  is  a  one  millisecond  width,  variable  delay  pulse 
designed  as  a  general,  external  trigger  pulse.    The  free  pulse  operates 
on  TTL  logic  levels.    It  has  been  used  as  the  synchronous  trigger 
for  the  flashlamp-pumped  dye  laser  sparkgap  discharge  circuitry. 

Initiation  of  a  complete  pulse  sequence  can  be  accomplished  in 
three  different  modes:    single  cycle,  fixed  rate, or  automatic 
operation.    The  single  cycle  mode  results  in  one  complete  pulse 
sequence  occurring  whenever  a  front  panel  pushbutton  is  depressed. 
Fixed  rate  mode  causes  the  complete  pulse  sequence  to  be  repeated  at 
a  selected  time  interval  which  ranges  from  20  milliseconds  to  5 
seconds  in  a  1-2-5  sequence.    The  automatic  mode  starts  a  pulse 
sequence  175  milliseconds  after  the  quench  pulse  terminating  the 
preceeding  sequence. 

A  typical  pulsed  ion  cyclotron  resonance  (PICR)  experiment 
proceeds  in  the  following  manner.    With  no  resonant  ions,  the  previously 
set  digital  pulse  sequence  is  performed  to  obtain  a  zero  level 
for  the  marginal  oscillator  signal.    Ions  are  then  tuned  into 
resonance  by  an  appropriate  adjustment  of  the  magnetic  field. 
Marginal  oscillator  and  photodetector  levels  are  recorded.    The  laser 
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capacitor  is  charged  and  the  trigger  pulse,  normally  the  free  pulse 
or  a  microcomputer-generated  pulse,  is  activated  to  fire  the  laser 
immediately  prior  to  ion  detection.    The  digital  pulse  sequence  is 
repeated  for  the  required  number  of  laser  shots.  Marginal 
oscillator  and  photodetector  data  are  recorded  for  each  laser  shot. 
The  laser  trigger  is  deactivated  and  with  the  ions  still  resonant  the 
pulse  sequence  repeats  until  sufficient  marginal  oscillator  level  and 
photodetector  level  measurements  have  been  obtained.    Finally,  the 
ions  are  tuned  off  resonance  and  the  marginal  osci  llator  zero  level 
data  is  recorded  for  several  pulse  sequences.    This  scheme  allows  for 
the  correction  of  zero  baseline  and  resonant  ion  baseline  drifts. 

Microcomputer 

The  resonant  absorption  of  the  output  of  the  marginal  oscillator 
is  detected  as  a  change  in  the  analog  voltage  level  of  the  marginal 
oscillator  frequency  envelope.    To  convert  this  analog  signal  to  a 
digital  signal  suitable  for  analysis  by  a  digital  microcomputer  a 
data  conversion/collection  system  has  been  developed.    The  system  is 
comprised  of  a  microcomputer  and  an  analog  to  digital  (A/D)  converter 
as  well  as  input  signal  conditioning  elements  and  programmable 
data  routing  components.    The  microcomputer  architecture  is  addressed 
to  the  degree  to  which  it  has  influenced  the  interface  design  and 
operation.    The  description  of  the  interface  is  functional  and  non- 
specific with  regard    to  chip  designation.    The  operating  system 
software  is  summarized  by  functional  unit  as  it  would  be  encountered 
in  the  course  of  normal  operation.    Analysis  of  the  current  status 
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of  the  data  conversion/collection  system  delineates  its  limitations 
and  suggests  refinements  to  attain  'key-on'  operation.  Experimental 
data  was  analyzed  manual ly  to  veri fy  the  system  performance. 

Microcomputer  and  Modifications 

A  KIM-1  microcomputer  served  as  the  control  element  for  the  data 
conversion/collection  system  (73).    The  KIM-1,  a  single-board,  6502- 
processor-based  microcomputer,  has  integrated  input/output  hardware, 
hex  keypad,  system  ROM  (read-only  memory)  and  IK  (1024  words)  of  RAM 
(random-access  memory).    The  structure  of  the  input/output  hardware  as 
to  the  available  control  and  data  lines  requires  further  mention. 

The  KIM-1  can  respond  to  an  external  event  in  a  programmed  fashion. 
This  implies  that  the  microcomputer  acknowledge  and  correctly  identify 
an  external  event.    Recognition  of  an  external  event  requires  a 
combination  of  hardware  and  software.    The  level  of  the  interrupt 
request  line  (IRQ)  is  altered  synchronously  with  the  external  event 
and  interrupts  the  processor  upon  completion  of  a  logical  machine 
step.    Critical  status  registers  are  preserved  by  the  IRQ  software 
residing  in  ROM,    Control  is  transferred  to  a  program  located  through 
the  interrupt  request  vectors  (IV)  which  have  been  preprogrammed 
by  user  code  to  select  the  correct  response  to  the  external  event. 
Once  the  external  event  has  been  correctly  handled  the  critical 
registers  are  restored  and  operation  is  resumed  from  the  point  of 
interrupt. 

An  interrupt  request  is  an  externally  generated  request  for 
service.    The  servicing  of  the  interrupt  involves  data  transfer  to  the 
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microcomputer  from  the  external  device  or  vice  versa.    This  transfer 
takes  place  across  15 i nput/output  lines,  divided  into  two  ports, 
peripheral  A  data,  PAD  and  peripheral  B  data,  PBD.    The  6502 
architecture  and  operating  system  treat  these  ports  as  memory 
locations  which  can  be  written  to  or  read.    The  direction  of  the  data 
transfer  is  established  by  the  status  of  the  control  ports,  peripheral 
A  data  direction  register,  PADD,  and  peripheral  B  data  direction 
register,  PBDD.    These  registers  are  interpreted  as  collections  of 
status  bits  which  correspond  directly  to  the  PAD  or  PBD  bits.  A 
status  bit  value  of  0  indicates  that  the  corresponding  peripheral 
device  bit  is  to  be  read  as  an  input,  while  a  status  bit  set  to  1 
indicates  that  the  bit  is  written  to  by  the  microprocessor.  All 
combinations  of  inputs  and  outputs  are  permissible  and  buffering  in 
both  directions  has  been  implemented  on  board. 

A  general  appreciation  of  the  input/output  structure  of  the 
microcomputer  is  necessary  for  interfacing,  in  this  case  it  is  also 
necessary  to  be  aware  of  the  memory  (RAM)  architecture,  due  to  the 
on-board  modifications  dictated  by  the  limited  memory  available  on 
the  standard  system.    The  1024,  8-bit  RAM  words  of  the  6502  processor 
are  constructed  from  eight  1-bit  x  1 024-1 ocati on,  memory  chips.  The 
address  lines  of  all  eight  chips  are  tied  together  so  that  the  same 
address  is  selected  at  each  chip.    The  IK  of  memory  supplied  by  the 
KIM-1  is  insufficient  for  complex  control  and  data  manipulation 
routines  in  addition  to  data  storage.    Consequently  unused  address 
lines  were  decoded  and  memory  chips  sufficient  to  increase  the  RAM 
to  2K  were  added.    The  details  of  this  modification  are  in  Appendix  I. 
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Microcomputer  Interface  Hardware 

The  limitations  of  the  KIM- 1  microcomputer's  input/output 
architecture  place  constraints  on  interface  design.    The  KIM-1  is 
restricted  to  digital  input/output  with  a  maximum  of  8  bits  transferred 
per  input/output  operation.    Consequently,  external  analog  signals 
to  be  transferred  to  the  microcomputer  memory  must  be  converted  to 
digital  format.    The  KIM-1  is  a  TTL  level  microcomputer  which  requires 
that  valid  TTL  levels  be  provided  as  inputs.    These  constraints  are 
easily  attended  to;  thus  the  interface  design,  although  dependent  on 
the  KIM-1  input/output  architecture  and  implementation,  is  more 
stringently  defined  by  the  nature  of  the  external  signals. 

For  a  typical  pulsed  ion  cyclotron  resonance  (PICR)  experiment 
the  values  to  be  measured    are    zero  baseline,  the  marginal  oscillator 
output  in  the  absence  of  resonant  ions;  ion  baseline,  the  marginal 
oscillator  output  in  the  presence  of  resonant  ions;  laser  level, 
the  marginal  oscillator  output  after  laser  irradiation  of  the 
resonant  ions;  laser  energy  values,  the  output  of  the  photodetector 
with  and  without  laser  irradiation.    Each  of  these  signals  is  an 
analog  voltage  level  and  two  separate  channels  to  the  A/D  converter 
are  required  for  the  marginal  oscillator  and  photodetector  outputs. 
Since  the  A/D  has  a  single  analog  input  these  signals  are  multiplexed 
to  that  input  under  software  control.    The  sequence  of  control 
functions  resulting  in  the  input  of  converted  marginal  oscillator 
and  photodetector  levels  may  be  summarized  for  a  general,  two-channel 
read. 
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The  KIM- 1  will  be  in   a  no  operation  (NOP)  loop  which  can  only 
be  exited  via  an  interrupt  request  or  a  keypad  interrupt.    An  IRQ 
transfers  control  to    programs  addressed  by  the  interrupt  vectors, 
which  contain  either  system  start-up  or  program-defined  values.  What- 
ever the  actual  program  location  accessed,  the  scheme  of  the  interrupt 
service  requires  a  resetting  of  the  interrupt  vectors  in  preparation 
for  an  ensuing  interrupt  and  the  updating  of  running  counters  which 
identify  the  type  and  count  of  marginal  oscillator  and  photodetector 
data  on  line.    The  transfer  of  the  marginal  oscillator  or  photodetector 
voltage  via  the  A/D  to  the  KIM  is  controlled  through  the  microcomputer 
PAD  (PA0-PA7)  via  four  3-bit,  8-bidirectional-channel  multiplexers 
(MUX).    PA0-PA3  are  always  configured  as  KIM-1  outputs.    PAO  controls 
MUX  inhibit  lines  and  PA1-PA3  constitute  a  3-bit,  binary  word  which 
selects  the  MUX  channels.    The  input  to  a  MUX  is  transferred  to  the  out- 
put on  an  inhibit  low  with  the  transfer  direction  determined  by  the 
PADD  status  bits.    PA6  serves  as  the  channel  select  line  for  the  1-bit, 
2-channel  (A/D  input)  MUX.    A  clocked  latch  intervenes  to  preserve 
the  status  of  the  select  lines  of  the  2-channel  MUX  until  it  is 
reselected.    PBO  is  used  as  the  software  generated  clock  line  for  the 
clocked  logic.    (PBO  replaced  PA4  which  was  defective  on  the  KIM-1 
used).    A  logical  one  on  the  2-channel  MUX  select  line  transfers  the 
photodetector  level  to  the  A/D  input,  a  logical  zero  selects  the  MO 
level . 

The  free  running  A/D  requires  25  milliseconds  to  convert  the 
input  to  a  stable  digital  output.    A  timed  loop  using  the  KIM-1 
programmable  counter  allows  for  the  conversion  time.    The  12-bit  A/D 
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output  is  read  into  the  KIM-1  in  three  4-bit  parts  through  the  four 
8-bidi rectional -channel  MUX's.    The  data  direction  registers  configure 
PBO  and  PA5-PA7  as  KIM-1  inputs.    PA1-PA3  select  the  A/D  channels. 
Channel  one  selects  the  least  significant  four  bits  of  the  conversion, 
channel  two  the  next  four  significant  bits,  and  channel  three  the  four 
most  significant  bits.    The  conversion  result  is  recombined  and 
stored  by  the  A/D  read  software. 

The  interface  provides  a  pulse  to  the  laser  trigger  electronics 
for  program-defined  counter  states.    In  a  preliminary  version  of  the 
software  a  latch  was  set  (1)  during  the  read  sequence  prior  to  that 
for  which  the  laser  was  to  be  fired.    The  latch  output  was  AND1 ed 
with  the  free  pulse  of  the  ensuing  pulse  sequence  to  provide  the 
laser  trigger  pulse.    The  latch  input  was  then  reset  (0)  to  prevent 
laser  triggering  by  successive  pulse  sequences.   This  technique  is 
cumbersome  and  a  simplified  scheme  has  been  implemented  in  which  the 
trigger  pulse  is  generated  by  software  immediately  after  the  interrupt 
pulse  is  received.   This  scheme  results  in  nontrivial  simplification 
of  the  software. 

The  IRQ  is  provided  by  the  free  pulse  for  automatic  triggering 
and  by  an  debounced  pushbutton  for  manual  triggering.    Both  inputs 
are  conditioned  by  a  pair  of  Schmitt  triggers,  which  feed  into  a 
one-shot  pulse  generator  to  produce  a  sharp,  clean  IRQ  pulse  at  the 
microprocessor. 

The  output  of  the  laser  photodetector  is  buffered  and  amplified 
(x50)  and  the  level  held  by  a  peak  detector.    The  u>2  pulse  is  used 
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as  the  peak  detector  reset  and,  consequently,  must  occur  after  the 
photodetector  read  is  completed.    For  certainty,  the  u>2  pulse  was 
positioned  to  occur  immediately  prior  to  the  quench  pulse. 

Microcomputer  Software 

Programs  are  coded  in  6502  machine  language.    The  architecture 
of  the  6502  processor  minimizes  the  volume  of  code,  since  operations 
are  frequently  performed  on  a  single  specialized  memory  location, 
the  accumulator.    Addressing  codes  are  varied  and  specialized  to 
transfer  rapidly  and  efficiently  selected  data  to  and  from  the 
accumulator. 

The  software  is  designed  to  reduce  the  need  for  operator  attention 
during  a  complete  measurement  sequence.    The  microcomputer  is  no 
longer  merely  a  data  router/interface  controller.    Data  analysis  codes 
are  included  to  perform  simple  data  reduction.    The  zero  baseline 
average  code  averages  the  results  of  thirty-two  (hex  20)  zero  baseline 
measurements.    The  ion  baseline  average  code  derives  the  average  of 
eight  ion  baseline  values  symmetric  about  a  laser  shot  sequence. 
Zero  baseline  correction  of  the  ion  baseline  and  laser  level  is 
coded.    Similar  functions,  zero  baseline  measurement  and  correction 
of  signal  levels,  are  coded  for  the  photodetector  output.    Full  double 
precision  (16-bit  r  16-bit)  division  is  implemented.  Vectored 
storage  of  intermediate  results  (raw  data)  to  temporary  storage  areas 
and  the  relocation  of  reduced  data  prior  to  overlay  of  the 
temporary  storage  areas  are  provided  to  conserve  memory.    With  the 
addition  of  simple  data  reduction  codes  the  storage  capacity  required 
for  a  single  complete  sequence  (thirty-two  zero  MO  measurements,  sixty- 
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eight  ion  MO  and  photodetector  measurements  and  sixteen  laser  MO 
and  photodetector  measurements)  is  reduced  from  four  hundred  bytes 
to  sixty-four  bytes. 

Flowcharts  outline  the  data  conversion/collection  and  analysis 
software  (Figures  10-14).    A  memory  map  showing  the  allocation  of  the 
expanded  RAM  is  provided  (Figure  15). 

Run  Time  Operation 

Due  to  memory  limitations  some  critical  registers  are  not  set  by 
the  initialization  routine,  these  registers  require  keypad 
initialization.    The  status  register  (hex  address  00F1)  must  be  set  to 
00  to  clear  the  interrupt  request  flag.    No  maskable  interrupt  (IRQ) 
can  be  acknowledged  until  the  flag  is  cleared.    Certain  system 
interrupts  are  non-maskable  and  always  acknowledged.    The  interrupt 
vector  low  (IVL,  hex  address  17FE)  and  interrupt  vector  high  (IVH, 
hex  address  17FF)  are  manually  set  to  DO  and  08  respectively.  The 
KIM- 1  is  thus  configured  to  acknowledge  an  IRQ  and  to  respond  by 
calling  the  main  control  program  (Figure  11).    The  status  and  interrupt 
vector  registers  must  be  reset  for  each  complete  measurement  sequence. 
Three  memory  locations  (hex  addresses  OF,  10,  and  11)  contain  the 
running  sum  of  zero  baseline  values.    These  registers  must  also  be 
zeroed  at  the  start  of  a  complete  measurement  sequence.    The  remaining 
registers  require  initialization  prior  to  the  first  complete  measure- 
ment sequence,  but  their  status  is  then  correctly  maintained  by  the 
program  for  subsequent  sequences.    Zero  page  hex  addresses  0C,  12, 
14,  15,  16,  17,  40,  41  and  43  should  be  zeroed.    Zero  page  hex 


Figure  10.    Operator/Microcomputer  Interaction  Flowchart. 

This  flowchart  describes  the  required  operator 
attention.    Programs  are  loaded  from 
cassette  tape  and  operation  initializations 
are  performed.    Initial  interrupt  vector  values 
are  set  and  the  microcomputer  enters  an  NOP 
loop  until  interrupted.    An  end-of-experiment 
test  determines  the  experiment  status  and 
then  analyzes  and  stores  the  data  in  final 
form. 


Figure  11.    Main  Program  Branch  Flowchart. 

The  program  flow  about  the  primary 
decision  is  shown.    Primary  decision 
is  the  nature  of  the  data  to  be 
obtained  at  the  next  interrupt.  A 
test  value  of  0  corresponds  to 
baseline  data  for  the  marginal 
oscillator  (B).    Test  value  1 
corresponds  to  ion  baseline  data 
for  the  marginal  oscillator  and 
the  photodetector  (C).    Test  value 
2  corresponds  to  laser  MO  and  photo- 
detector  data. 
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Figure  12.    Baseline  MO  Data  Flowchart. 

The  functions  required  for  baseline 
data  collection  are  indicated. 
A  single  decision  is  made  to 
determine  when  ions  should  be  tuned 
into  resonance  which  when  true 
prompts  the  operator. 
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Figure  13.    Resonant  Baseline  Data  Flowchart. 

The  procedure  for  taking  baseline  MO 
values  with  resonant  ions  while 
simultaneously  taking  zero  photo- 
detector  values  is  diagrammed.  Data 
overlap  occurs  for  each  four  sets  of 
measurements  after  the  first  eight 
baseline  measurements  are  stored. 
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Figure  14.    Laser  Status  Flowchart. 

Determination  of  a  laser  firing 
is  necessary  for  subsequent  data 
reduction  and  memory  overlap 
decision.  In  addition,  the  last 
laser  shot  of  a  sequence  must  be 
identified  to  reduce  the  data  to 
final  form. 
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Figure  15.    Microcomputer  RAM  Memory  Map. 

The  major  divisions  indicate  blocks 

of  four  pages,  natural  machine  divisions 

of  memory.    The  beginning  and  ending  hex 

address  for  each  logical  software  unit 

is  provided.    Note  that  the  A/D  subroutine 

is  dispersed  throughout  the  available 

memory. 
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0800  - 

0851 

Initialization  Subroutine 

0852  - 

0868 

Obtain  Data  and  A/D  Delay  Subroutine 

0869  - 

088D 

MUX  Select  Photodetector  Subroutine 

MQQF 
UOOL  - 

riuA  select  riu  ouoroutine 

08B7  - 

08CE 

A/D  Read  Subroutine  (Part  II) 

UoUU  " 

uyru 

nam  control  rrogram 

0A00  - 

0A45 

A/D  Read  Subroutine  (Part  I) 

0A50  - 

0A91 

Four  Channel  Storage  Subroutine 

0A9A  - 

0AFC 

Data  Analysis  and  Storage  Subroutine 

0B00  - 

0B80 

Double  Precision  Divide  Subroutine 

0B81  - 

0B8F 

A/D  Read  Subroutine  (Part  IV) 

0B90  - 

0BB0 

Triple  Precision  Average  Subroutine 

0BB1  - 

0BE3 

Laser  Trigger  Subroutine 

0BE7  - 

0BFF 

A/D  Read  Subroutine  (Part  III) 

address  42  should  be  set  to  02  and  following  the  fourth  complete 
sequence  set  to  03.    The  initialization  routine  resides  at  hex 
address  0800.    To  run  the  initialization  routine,  0800  is  keyed  to 
the  address  display  and  GO  is  keyed.    The  remaining  critical  registers 
are  set  and  the  microcomputer  enters  the  nc  operation  (NOP)  loop 
until  interrupted  by  an  IRQ  or  keypad  interrupt  (Figure  10).  The 
function  of  each  register  is  given  in  Appendix  II. 

The  first  IRQ  enters  the  main  control  program  at  A  (Figure  11). 
The  initial  value  of  the  ID  register  (hex  address  0000)  is  0, 
consequently  the  B  branch  (Figures  11  and  12)  is  taken.    The  interrupt 
vectors  are  altered  to  point  to  D  to  protect  the  zero  baseline 
counters  which  are  subsequently  set.    The  zero  M0  level  is  read  and 
the  result  summed  into  the  initially  zeroed  registers  OF,  10  and  11. 
The  zero  baseline  counters  are  decremented.    If  less  than  one  half 
of  the  zero  baseline  readings  have  been  taken  there  is  a  simple  return 
from  interrupt  (RTI),  returning  the  KIM-1  to  the  NOP  loop.  Subsequent 
interrupts  enter  the  main  control  program  at  D  until  one  half  of  the 
zero  baseline  measurements  have  been  accumulated.    Then,  interrupt 
vectors  are  changed  to  point  to  A,  the  ID  register  is  incremented 
and  a  programmable  interrupt  request  (PIRQ)  flag  set,  prior  to  an  RTI. 
As  before  the  RTI  returns  the  system  to  the  wait  loop,  however,  since 
PIRQ  is  the  test  value  of  the  loop,  the  system  will  "fall  through" 
the  loop.    The  test  of  the  total  zero  baseline  counter  will  be 
negative  at  this  point.    A  branch  to  the  read-only  memory  (ROM) 
operating  system  is  taken  which  displays   "0001  xx".    This  is  the 
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operator  prompt  to  tune  the  ions  into  resonance  and  charge  the  laser 
capacitor  "084E'  is  entered  in  the  address  field  of  the  display 
and  GO  is  depressed  to  clear  the  interrupt  flag  and  to  return  the 
KIM  to  the  wait  loop. 

The  next  IRQ  enters  the  main  control  program  at  A.    The  ID 
register  contains  01  and  branch  C  is  selected.    The  interrupt  vectors 
are  changed  to  point  to  E  to  protect  the  ion  baseline  counters.  The 
100  level  counters  are  set  and  MO  level  is  read  exactly  as  before. 
The  two  byte  result  is  stored  via  the  y-indexed  address  mode.  The 
appropriate  value  for  the  y-register  is  loaded  from  0C.    The  base 
address  is  located  in  0D.    The  PHOTO  level  is  read  and  stored  as  for 
the  MO  level,  however,  the  base  address  is  first  incremented  by  hex 
10  so  that  the  two  types  of  data  are  mapped  into  different  memory 
locations.    The  base  address  is  restored  to  its  original  value  after 
the  PHOTO  read/store  in  preparation  for  the  next  cycle.    The  program 
requests  eight  two-byte  MO  levels  and  eight  two-byte  PHOTO  levels 
per  laser  shot  for  the  determination  of  the  respective  averages. 
Once  the  averages  have  been  evaluated  and  stored,  the  first  four  levels 
of  each  type  may  be  over  written.    "AND"ing  the  y-register  value 
with  hex  OF  prior  to  saving  its  value  in  OC  accomplishes  the  overlay. 
If  the  (100/2)  level  counter  is  nonzero  a  simple  return  from 
interrupt  is  taken.    If  the  counter  is  zero,  the  software  determines 
if  the  laser  has  been  fired.    If  not,  the  interrupt  vectors  are 
altered  to  point  to  A  and  the  ID  register  incremented  (02)  so  that 
the  next  interrupt  fires  the  laser.    Figure  11  illustrates  the  laser 
firing  sequence  and  is  straightforward.    M0  and  PHOTO  levels  are 
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read  as  before  and  stored.    The  laser  counter  is  decremented  and  ID 
register  decremented  (01).    Interrupt  vectors  are  set  to  E  so  that 
the  (100/2)  level  counter  is  reset  and  a  new  sequence  of  100  levels 
taken.    If  the  laser  has  fired,  average  100  M0  and  100  PHOTO  levels  are 
calculated  and  stored.    If  the  laser  counter  is  nonzero,  the  interrupt 
vectors  and  ID  register  are  set  to  fire  the  laser  on  the  ensuing 
interrupt.    For  a  zero  laser  counter,  the  interrupt  vectors  and  (0/2) 
level  counter  are  reset  to  read  the  required  zero  baseline  levels 
commencing  with  the  next  interrupt.    The  ID  register  is  set  to  zero 
and  PIRQ  set  (01)  to  initiate  an  operator  prompt.    The  display 
"0000  xx"  requests  the  operator  to  tune  the  ions  off  resonance.  When 
the  (0/2)  counter  tests  zero,  an  RTI  occurs  and  since  PIRQ  is  set  a 
test  of  the  total  zero  (0)  counter  is  made.    The  total  zero  counter 
will  be  zero  and  the  zero  baseline  average  is  determined. 
Data  analysis  consists  of  the  evaluation  of 

1  _    M0LNL  -  M0LBASE 

M0LL    -  M0LBASE  (31) 

and 

LSRL  =  PDLL  -  PDLNL  (32) 

where  M0L  represents  a  marginal  oscillator  level,  PDL  a  photodetector 
level,  L  refers  to  a  laser  shot  sequence  with  ions,  NL  refers  to  an  ion 
resonance  sequence  with  no  laser  shot  and  BASE  refers  to  no  resonant 
ions  or  laser  shot.  Thus  F"1  is  the  inverse  of  the  fractional  remainder 
of  the  ion  signal  upon  irradiation  by  a  laser  pulse  with  a  power 
level  related  to  LSRL,    the  measured  laser  level.    These  four  bytes 
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of  data  are  stored  for  each  laser  shot  and  a  prompt  is  generated  to 
signal  that  the  data  collection  system  is  prepared  for  a  new  sequence. 

Implementation  of  the  division  in  Equation  31  requires  a  16 
bit  by  16-bit  divide  routine  and  a  12-bit  shift  routine  to  format  pro- 
perly  the  data  for  storage.    These  routines  have  been  coded  and 
incorporated  into  the  analysis  loop. 

Programs  are  listed  in  Appendix  m.  Memory  addresses,  machine 
codes  and  mnemonic  codes  are  included  to  facilitate  use,  alteration, 
adaptation  and  relocation  of  the  various  subroutines.    Comments  have 
been  included  to  simplify  the  reading  of  the  code. 

Derivation  of  the  Expression  for  the 
Photodetachment  Cross-Section 

The  probability  of  photodetaching  a  negative  ion  of  photo- 
detachment  cross-section o  (A)  at  wavelength  A  of  the  incident 
radiation  field  of  photon  flux  p(a)  in  time  t  is  given  by  the  expression 

P(A)  =  1  -  exp  [-let  /  p(A)  a  (a)  dA]  (33) 

where  k  is  a  constant  related  to  the  interaction  region  (74).  For 
a  pulsed  radiation  source  with  pulse  duration  t  and  energy  per  pulse, 
E  ,  the  number  of  photons  per  pulse  is 

nA  =  AEA/hc.  (34) 

This  quantity  is  directly  related  to  the  photon  flux  provided  a,  the 
radiation  beam  cross-sectional  area,  is  known 

p (A )  =  A  EA/hcat.  (35) 
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If  NQ  represents  the  number  of  anions  detected  prior  to  irradiation 

and  N  the  number  of  anions  detected  following  irradiation,  then  N  and 

N  are  related  by 
o  J 


NQ-N  =  f  NQ  P(A) 


(36) 


where  f  represents  the  probability  that  every  detected  anion  is  in  the 
radiation  field.  Substituting  for  P(a)  and  rearranging  and  taking  the 
logarithm  of  each  side  yields 


kt  /  p(x)  o(x)  dA 


In 


1 


N  -N 
o 

fNo 


•1 


(37) 


If  the  bandwidth  of  the  source  is  narrow  and  constant  with  respect 
to  the  wavelength,  then 


kt  /  p(\) a  (A)  dA   =   Ckt  p(A)  a  (A) 


(38) 


where  C  represents  the  effect  of  the  constant  bandwidth,  and  p(a) 
and  a  (A)  are  assumed  to  be  slowly  varying  with  respect  to  wavelength. 
Using  the  simplification  and  substituting  for  p(a),  an  expression  for 
the  photodetachment  cross-section  containing  only  experimentally 
observable  quantities  is  obtained. 


k'  a(A) 


In 


1 


o-N~|-l 
fNo  J 


A  E, 


(39) 


where  k'  =  Ck/hca.  Rearranging  the  argument  of  the  logarithm 
term,  the  cross-section  expression  becomes 

In 


k'o(  A) 


fNo 
fNp-(Nn-N) 


A  E, 


(40) 
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Clearly  this  expression  exhibits  the  correct  limiting  dependence  on  f, 
for  as  f  approaches  one,  indicating  that  all  ions  are  within  the 
radiation  field,  the  argument  of  the  logarithm  becomes  N  /N.  Finally, 
k'a(A)  can  be  written  as 


k'  a(A)  = 


In 


f-A 


A  E, 


(41) 


where  a  is  the  fractional  decrease  in  the  ion  signal  upon  irradiation, 

(N0-N)/NQ. 

A  standard  error  analysis  yields  the  expression  for  the  relative 
error  for  k'a(x), 


W2rk'g(A)]    _  / N/nA   2  W2(Nn)/N02 


[k'a(A)]2 

\2 


i/Ho 


In  (f/f-A) 


W2(N)/N2 


2        \f-A/     [in  (f/f-A)] 


W2(f)/f2 


f-A  J     ft)   (f/f-A)]  2 


(42) 


where  W(x)  represents  the  random  error  of  variable  x.    The  influence 

of  each  of  the  factors  involved  in  the  error  terms  is  indicated  in  Table 

3  for  a  range  of  a  values.    The  magnitudes  of  the  coefficients  of  the 

relative  errors  in  Table  3  do  not  completely  characterize  the  errors. 

The  relative  errors  themselves  must  also  be  considered.    N  ,  W(n)/N 

o       o  o' 

W(f)/f  and  W(EA)/EA  are  constant  for  a  constant  amplitude  ion  signal 
with  a  constant  S/N  ratio.    The  relative  error  associated  with  N, 
W(N)/N  increases  with  decreasing  N,  that  is,  for  a  constant  S/N  ratio 
increased  ion  attenuation  leads  to  increased  relative  error  in  the 
determination  of  the  residual  ion  concentration.    ABC  represents  the 
coefficient  squared  for  the  relative  error  of  N  .    For  an  ion 


1 

I/) 

1/1 

o 

i- 

U 

CU 

-C 

4J 

c 

•1— 

S- 

UJ 

> 

ro 

CC 

OJ 

-C 

+-J 

LO 

C 

•i — 

o 

c/1 

-a 

S- 

c 

o 

ro 

+-> 

u 

O 

10 

u_ 

i — t 

ro 

lo 


ca 


lo 


CM 
I 


CM 
I 


LO 


o 
c 


lo 
r-. 


<3- 

CM 

LO 

cn 

LO 

CO 

cm 

CM 

LO 

CO 

1 

1 

1 

r-> 

1 

1 

1 

CM 

LO 

ro 

CM 

< — 1 

1 — 1 

o 

LO 

CC 

CO 

01 

t— 1 

o 

o 

«* 

CM 

LO 

o 

LO 

CM 

cn 

Q 

cn 

UO 

LO 

ro 

CM 

CM 

rH 

rH 

rH 

o 

i — l 

st 

ro 

LO 

CM 

LO 

1 
1 

1 
1 

1 
1 

CM 

ro 

o 

CM 

O 

rH 

ro 

CM 

ro 

LO 

CT 

CM 

ro 

CM 

cn 

LO 

On 

CTl 

CTl 

cn 

CO 

ro 

LO 

CO 

rH 

o 

i — l 

ro 

LO 

rH 

o 

CO 

co 

o 

o 

o 

O 

o 

O 

rH 

CM 

ro 

r*. 

o 

o 

CM 

CTl 

CO 

sr 

St 

St 

i 

1 

1 

I 

o 

o 

o 

o 

o 

o 

'VI 

o 

rH 

r-H 

Sf 

1 — 1 

rH 

1 — 1 

rH 

1 

1— ( 

X 

X 

1 

X 

X 

X 

X 

O 

X 

r— ( 

LO 

o 

CO 

LO 

ro 

rn 

LO 

M 

CM 

r-H 

o 

LO 

CM 

I— 1 

rH 

CM 

rH 

LO 

CM 

CM 

i— 1 

rH 

o 

o 

rH 

Sf 

ro 

CM 

1 

1 

( 

LO 

o 

ro 

ST 

t— i 

O 

1 

1 

! 

CTl 

LO 

t— i 

j — 

sI- 

■ — i 

o 

o 

o 

Q 

— 

LO 

cd 

si* 

CO 

LO 

1 — I 

O 

CXI 

o 

st 

t— 1 

o 

o 

CO 

* — 1 

LO 

CTl 

CO 

r— 1 

LO 

CM 

rH 

O 

o 

o 

o 

o 

LO 

St" 

rH 

o 

I — 1 

Ol 

ro 

ro 

I 

1 

l 

o 

LO 

I 

1 

1 — 1 

CO 

ro 

CM 

1 — 1 

LO 

o 

CO 

St 

LO 

ro 

sf 

o 

LO 

CM 

Q 

c 

in 

CM 

o 

o 

CM 

1 — 1 

rH 

1— 1 

r-H 

LO 

St 

CM 

CM 

rH 

T—( 

St 

CTl 

ro 

CM 

ro 

S| 

OO 

1 

1 

I 

t — 1 

co 

oo 

co 

i 

o 

CO 

o 

o 

o 

rH 

ro 

rH 

=3- 

cn 
cn 


LO 

cn 

cn 

CT) 

cn 

CO 

ro 

LO 

CO 

o 

i— i 

ro 

LO 

rH 

o 

co 

CO 

o 

o 

o 

o 

o 

'  1 

CM 

ro 

[■> 

o 

CM 


CM 
I 


CM 
I 


CM 


O 

■cn 


o 

o 

o 

o 

LO 

LO 

LO 

cn 

rH 

r-H 

rH 

1— ( 

rH 

rH 

CM 

ro 

si" 

LC 

CO 

X 

X 

X 

X 

i  1 

1 — 1 

■3- 

cn 

O 

O 

o 

o 

o 

o 

CO 


79 


signal-to-noise  ratio  of  100,  the  squared  relative  error  is  10    .  There- 
fore, the  error  contribution  due  to  the  NQ  measurement  is  10"4  times 
the  tabulated  value  of  ABC.    The  error  in  the  N  measurement  is  tabulated 
(column  E,  Table  3)  for  the  same  initial  signal-to-noise  ratio.  ABCE 
represents  the  squared  relative  error.    ABCE  will  always  be  greater  than 
the  NQ  relative  error  term.    Furthermore,  ABCE  exhibits  a  minimum  near 
A  equal  to  0.6.    A  reasonable  value  for  W(f)/f  is  0.05  (33).    This  large 
relative  error  is  combined  with  its  coefficient  and  summed  with  the 
other  large  error  source,  N  measurement,  to  determine  the  optimum  ion 
attenuation.    This  occurs  at  an  approximate  a  of  0.3.    W(N)/N  and 
W(Ex)/EA  can  be  estimated  to  be  6xl0~4  and  0.03  respectively.    At  the 
optimum  a  for  an  ion  signal-to-noise  ratio  of  100  and  for  the  relative 
errors  as  described  and  f  equal  to  1,  the  predicted  relative  error  in 
the  cross-section  is  0.08.    The  error  at  a  given  A  is  most  sensitive 
to  changes  in  W(Ex)Ea  and  W(f)/f.    If  W(EA)/EA  were  doubled,  the  cross- 
section  relative  error  would  increase  to  0.095,  similarly  doubling 
W(f)/f  results  in  a  relative  error  of  0.13.    Departure  from  the  optimum 
a  value  results  in  less  dramatic  changes  in  the  cross-section  relative 
error  at  least  for  deviations  less  than  +0.3 

To  optimize  the  photo-induced  experiments,  the  signal  intensity 
(NQ)  and  the  signal-to-noise  ratio  must  be  optimized.    Increased  apparent 
intensity  without  increased  signal-to-noise  will  not  improve  the 
relative  errors.    E \  should  be  accurately  variable  with  a  constant 
f  value.    For  the  best  observed  signal-to-noise  ratio  and  W(f)/f  of 
0.10  to  account  for  poor  shot-to-shot  beam  quality,  the  anticipated 
relative  error  in  the  cross-section  is  16%. 


CHAPTER  IV 
EXPERIMENTAL  RESULTS  AND  DISCUSSION 
OF  THE  HALOGEN  ANION  STUDIES 

The  ions  discussed  in  this  chapter  are  those  for  which 
observable  ion  intensities  could  be  produced.    Cl2~  and  Br2"  were 
generated  with  sufficient  intensities  to  assure  reasonable  signal-to- 
noise  ratios  for  the  photo-excitation  studies.    BrCl"  was  observed 
and  the  instrumental  parameters  pertinent  to  its  formation  were 
optimized,  but  under  no  operating  conditions  was  the  signal  quality 
adequate  to  undertake  photo-excitation  measurements. 

Chlorine  Molecular  Anion 
Formation  of  Cl^" 

The  generation  of  Cl2"  was  not  straightforward.    Four  means  of 
producing  the  chlorine  molecular  anion  were  attempted;  two 
procedures  were  successful.    Direct  attachment  of  low-energy  electrons 
to  chlorine  molecules  was  attempted  over  the  nominal  electron 
energy  range,  0  to  10eV,for  chlorine  sample  pressures  at  the  ion 
cell  vacuum  can  ranging  from  lxlO-4  to  lxlO"7  Torr.    No  molecular 
chlorine  anion  was  observed  for  any  combination  of  these  parameters. 
At  all  experimental  conditions,  dissociative  attachment  yielding 
CI"  was  seen  to  occur  exclusively.    Dissociative  attachment  of 
low-energy  electrons  to  carbon  tetrachloride  was  tested  for  Cl2" 
production.    As  for  chlorine,  sample  pressures  and  electron 
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energies  were  varied  to  cover  all  combinations  of  these  parameters. 
The  observed  dissociative  attachment  generated  CI"  only;  no  Cl2~  was 
detected.    A  charge  transfer  to  chlorine  from  a  suitable  precursor 
anion  was  investigated.    Nitrite  ion,  N02~,  was  readily  produced  from 
nitromethane,  CH^NC^.    Electron  transfer  was  expected  to  occur  for 
the  interaction  of  N02~  with  a  species  of  greater  electron  affinity. 
Optimization  of  the  nitrite  ion  intensity,  followed  by  the  addition 
of  chlorine  yielded  Cl2~  at  levels  acceptable  for  pursuing  the 
photo-excitation  study.    Finally,  Cl2~  was  produced  in  low-energy 
(0  ev)  electron  impact  with  a  sample  of  chlorotrif luoroethylene 
(C2F3C1).    The  Cl2"  signal  intensity  was  not  as  strong  as  that 
observed  from  the  charge  transfer  process.    The  means  selected  for 
Cl2"  generation  in  the  ensuing  photo-excitation  study  was  the  electron 
transfer  from  nitrite  ion  to  molecular  chlorine. 

Prior  to  undertaking  the  discussion  of  the  photo-excitation 
study  of  the  chlorine  molecular  anion,  the  precursor  anion's  negative 
ion  mass  spectrum  and  generation  will  be  analyzed.    The  nitrite 
ion  intensity  was  optimized  with  respect  to  all  ICR  and  sample 
parameters.    The  range  of  the  parameters  and  the  resolution  of  the 
variation  of  each  parameter  are  presented  in  Table  4.    The  negative 
ion  mass  spectrum  of  nitromethane  contained  a  single  peak  at  a  mass- 
to-charge  (m/e)  ratio  of  46  amu/e.    The  signal-to-noise  ratio  at  the 
optimized  system  settings  was  approximately  40  to  1  (Figure  16). 
No  other  ions  were  detected  over  the  mass-to-charge  range,  5  to  105 
amu/e.    No  secondary  or  precursor  ions  were  identified.  The 
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Table  4.    Variation  of  ICR  Operating  Parameters  During  Studies  to 
Maximize  Formation  of  the  Nitrite  Ion  from  Ni tromethane. 


Parameter 


Range 


Electron  Energy3 

Sample  Pressure*3 

Grid  Pulse 

Detect  Delay 

Detect  Width0 

Marginal  Oscillator 
Level 


1.8  -  18  eV 

4x10" 7  -  lxlO"4  mm  Hg 

8  ms  -  25  ms 

0  -  300  ms 

5  ms 

50  -  100  mV 


Resolution 


2  eV 

lxlO"7  -  lxlO"5  mm  Hg 
5  ms 
1  ms 

Not  varied 
10  mV 


A  true  estimate  of  the  electron  energy  is  obtained  by  subtracting 
the  trapping  plate  potential  of  1.50  v. 

The  background  sample  pressure  was  2-4  x  10"7  mm  Hg. 

Detect  width  and  marginal  oscillator  level  are  related,  however,  over 
the  range  of  marginal  oscillator  levels  attempted  detect  width  did 
not  require  change. 


CD 


c 

CO 

.-a 

-C  CD 

3 

+->  «— 

CD  Q. 

c 

CD 

E  E 

o 

E 

o 

O  03 

s- 

i-  oo 

+-> 

+-1 

I 

+-> 

C_) 

CO 

CD 

>>  co 

z  . 

03 

03 

LU 

E 

<+-  E 

CD 

O  03 

T3 

rc 

E  LO 

i. 

+-> 

+J 

3  o 

t. 

U 

03 

S-  < — t 

o 

CD 

CD 

-(-> 

H 

00 

o  o 

CU 

S- 

3 

CD  +->LO 

Q 

3 

E 

Q. 

CJ 

03 

C/0  LO 

o 

<_> 

1 — 1 

O 

CO 

co  co 

> 

«*■ 

CO  T- 

X 

CD 

ra 

03 

<4- 

s:  cd 

■— I 

^t- 

CD 

O 

CD 

Q_ 

c  c 

CO 

CM 

O 

O  (C 

03 

CD 

•r— 

i—i  S- 

CO 

JC 

+-> 

03 

1— 

(0 

CD  CO 

CD 

3 

i_ 

>  CO 

•i-  03 

3 

>) 

cu 

+J  E 

CO 

ai 

1/1 

cm 

n3 

CO 

5- 

E 

5- 

CD  CD 

CD 

aj 

03 

CD  jC 

i- 

c 

o  _c 

z:  h- 

a 

ai 

a 

a' 

CD 


o 


85 


electron  energy  for  peak  nitrite  ion  intensity  was  0.83  eV.  Nitrite 
ion  generation  from  nitromethane  was  deemed  to  be  a  suitable,  clean 
choice  as  the  precursor  for  the  molecular  anion  of  chlorine. 

The  chlorine  molecular  anion  was  generated  and  its  signal 
intensity  optimized  in  a  manner  that  simplified  the  tuning  procedure. 
Nitrite  ions  were  detected  and  the  intensity  of  the  signal  was 
maximized  for  a  nitromethane  pressure  between  5xl0"6  and  lxlO"5  Torr. 
Chlorine  was  leaked  to  the  cell  through  the  second  inlet  manifold 
and  jeweled  leak  valve.    The  N02"  signal  intensity  was  monitored  as 
the  chlorine  was  added'..    The  nitrite  ion  intensity  fell  off  rapidly 
with  the  introduction  of  chlorine.    When  the  N02~  intensity  had 
decreased  to  less  than  10%  of  its  peak  value,    the  chlorine  pressure 
at  the  cell  was  stabilized.    The  magnetic  field  was  set  to  bring  the 
CI    ion  into  resonance  and  once  this  signal  was  located  the  detect 
pulse  delay  was  increased  unti  1  the  CI"  peak  intensity  had  dropped  to 
approximately  20%  of  the  initially  observed  level.    At  this  detect 
delay,  the  magnetic  field  was  altered  to  bring  the  Cl2"  anion  into 
resonance.    In  some  instances,  scans  of  the  magnetic  field  about 
the  nominal  resonant  magnetic  field  for  Cl2"  proved  necessary  to  locate 
the  ion.    The  Cl2~  signal  was  maximized  with  respect  to  the  ratio 
of  components  inlet  to  the  ion  cell  region,  the  total  sample 
pressure  at  the  ion  cell,  and  all  of  the  tuning  parameters  of  the 
spectrometer.    A  negative  ion  mass  spectrum  for  a  chlorine/nitro- 
methane  mixture  (pressure  ratio  determined  at  the  ionization  gauge 
on  the  main  vacuum  manifold)  is  reproduced  in  Figure  17.    The  time 
dependences  of  the  predominant  negative  ions,  N02",  Cl2",  and  CI", 
are  indicated  in  the  time-scanned  spectra  (Figure  18). 
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It  was  difficult  to  maintain  stable  CI  ~  signal  levels.  The 
total  pressure  at  the  ionization  gauge  drifted  markedly.  This 
variation  was  the  result  of  the  fluctuation  of  the  chlorine  delivery 
or  the  nitromethane  delivery  with  equal  frequency.    After  the  sample 
pressures  were  continuously  monitored  and  adjusted  for  periods  of  up 
to  three  hours,  the  drift  was  reduced  and  slowly  varying  Cl2"  signals 
were  obtained. 

There  are  discrepancies  between  the  results  of  the  molecular 
chlorine  anion  formation  behavior  observed  in  this  study  and  previous 
studies.    Cl2"  has  been  generated  by  electron  attachment  at  total 
pressures  as  low  as  4xl0"7  Torr  at  electron  energies  of  1  to  2  eV 
(75).    The  resultant  Cl2"  ions  exhibited  lifetimes  up  to  one  second  in 
the  cell  of  an  ion  cyclotron  resonance  mass  spectrometer.    This  lifetime 
is  significantly  longer  than  those  observed  in  this  study;  however, 
this  may  be  attributed  to  the  relatively  high  pressures  used  in  this 
investigation  (total  pressure  on  the  order  of  10"5  Torr).  Generation 
of  Cl2    from  carbon  tetrachloride  has  been  reported  with  an  appearance 
potential  of  2.3  eV  in  a  time-of- flight  mass  spectrometer  (76).  The 
inability  to  generate  Cl2"  from  CC1 4  in  this  study  could  not  be 
attributed  to  a  single  instrumental  parameter,  but  is  likely  the  result 
of  some  combination  of  electron  energy  distribution  aberrations, 
trapping  imperfections,  and  relative  detection  sensitivity. 

A  number  of  investigations  have  been  performed  on  N02"  due  to  its 
possible  atmospheric  importance  and  the  chance  of  overlap  of  its  photo- 
detachment  spectrum  with  the  solar  radiation  spectrum  (77-84,  85,  86). 
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Experimental  evaluations  of  the  electron  affinity  of  nitrogen  dioxide 
are  relevant  to  this  study  and  are  summarized  in  Table  5.  Exact 
determination  of  the  adiabatic  electron  affinity  of  nitromethane  has 
been  hampered  by  the  significant  structural  differences  between  the 
ground  states  of  the  neutral  and  anion  which  lead  to  excited  vibronic 
transitions  (84,  87,  88a). 

A  long  wavelength  tail  in  the  photodetachment  spectrum  of  NO,," 
led  to  a  proposed  peroxy  isomer  of  lower  electron  affinity  than  the 
ground  state  anion  (85).    The  existence  of  a  low-energy  isomer  could 
have  a  significant  impact  on  the  subsequent  spectral  study  of  an  ion 
formed  by  electron  transfer  from  a  mixture  of  the  two  isomers.  Although 
the  appearance  of  a  long  wavelength  tail  in  the  N02~  nhotodetachment 
spectrum  was  corroborated  (86),  a  recent  study  has  been  able  to 
interpret  the  results  of  the  previous  works  in  terms  of  variations 
in  the  measured  collisional  de-excitation  rates  for  vibrationally 
excited  N02"  by  different  bath  gases  (89).    The  appearance  of  the  long 
wavelength  tail  in  the  photodetachment  spectrum  is  best  interpreted  as 
the  result  of  detachment  from  inefficiently  quenched  vibrationally-hot 
ions. 

Although  suggestion  of  an  isomeric  form  of  N02"  has  been  discredited, 
the  experimental  results  still  indicate  signficiant  internal 
excitation  for  N02"  produced  by  electron  attachment  to  nitrogen 
dioxide.    An  alternate  source  of  NO,,-  for  which  the  internal 
excitation  could  be  minimized  or  at  the  very  least  permit  the 
determination  of  an  upper  limit  on  the  internal  energy  is  essential 
in  electron  transfer  generation  of  the  chlorine  anion.    A  strong 
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N02"  peak  at  an  appearance  potential  of  0.6  eV  was  found  in  the 
negative  ion  mass  spectrum  of  nitromethane  (90).    N02~  produced  in 
this  manner  is  anticipated  to  have  a  level  of  internal  excitation 
that  is  essentially  thermal  since  the  appearance  potential  only 
slightly  exceeds  the  minimum  energy  required  for  the  process. 
This  energy  difference,  the  energy  of  bond  rupture  (DH  (C-N)=  73 
kcal/mole)  (91)  minus  the  electron  affinity  of  N02  (EA(N02)  =  2.38 
±  0.06  eV)  (87),  amounts  to  0.8  eV.    Since  the  potential  for  peak 
N02"  ion  intensity  occurred  at  0.83  eV  in  this  study,  the  N02~  ion 
is  presumed  to  be  vibrational ly  cool. 

The  experimental  conditions  for  which  the  nitromethane  negative 
ion  mass  spectrum  was  observed  overlap  those  of  previous  investigations 
In  addition  to  the  nitrite  ion,  CN"  and  0"  have  been  observed  in 
the  nitromethane  spectrum  (90).    The  peak  CN"  and  0"  intensities 
are  considerably  less  than  the  N02"  peak  intensity,  on  the  order 
of  one  one-hundredth  and  one  two-hundred-and  fiftieth  the  N02" 
intensity,  respectively.    It  is  understandable  that  such  low 
intensity  ions  should  not  be  observed  for  the  signal-to-noise 
evidenced  in  this  study. 

The  electron  transfer  reaction 


N02"  +  Cl2  -»  Cl2~  +  N02  (43) 

has  been  investigated  (79).    For  N02"  ions  with  0.3  eV  translati onal 

energy  the  rate  constant  for  the  reaction  was  determined  to  be  2.2  x 
- 1 0  3 

10       cm  /molecule-second.    At  higher  translational  energies  the 
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cross  section  for  this  reaction    dropped  sharply  indicating  that 
it  was  exothermic.    The  reverse  reaction  was  not  observed  ;  however, 
a  competing  reaction 

Cl2"  +  N02  -»  N02C1  +  CI"  (44) 

has  been  reported  (78). 

The  generation  of  Cl2"  from  chlorotrifluoroethylene  was  also 
observed.    This  behavior  has  been  reported,  but  the  mechanism  for  the 
formation  was  not  determined  (92).    Investigation  of  this  source  of 
Cl2    included  a  search  for  precursor  and  intermediate  ions,  however 
none  were  identified.    The  original  investigators'  conclusion  that 
a  pyrolytic  reaction  was  occurring  on  a  hot  filament  surface  is 
a  reasonable  explanation  of  this  behavior  and  is  not  contradicted 
by  this  study. 

Halogens  are  known  to  be  highly  reactive,  corrosive  compounds. 
Reactions  with  pump  oils,  ion  gauge  cathodes,  gaskets,  etc.  have 
hindered  measurements  of  halogen  properties.    There  is  also 
empirical  evidence  confirmed  by  the  experience  of  this  study  that 
passivation  of  the  system  is  required  prior  to  obtaining  stable 
halogen  ion  signals  (93,  94).    This  passivation  time  may  be  hours 
or  days  depending  upon  the  vacuum  containment  system  geometry, 
surface  area  and  surface  condition.    Of  particular  significance  is 
the  effect  of  chlorine  reactions  at  the  surface  of  an  electron 
filament  which  may  alter  the  work  function  of  the  filament  material 
and  change  the  characteristics  of  the  electron  beam.    This  effect 
is  pronounced  for  low-energy  electrons  and  has  been  observed  to 
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result  in  the  complete  elimination  of  low-energy  electrons  from  the 
distribution  of  electrons  generated  by  a  current  heated  filament 
(93).    In  addition,  although  certain  aspects  of  the  system  may 
recover  quickly,  such  as  the  proper  functioning  of  leak  valves, 
the  effects  due  to  surface  reactions  of  a  halogen  at  the  electron 
filament  and  the  ionization  gauge  cathode  may  be  irreversible.  This 
behavior  certainly  contributed  to  the  experimental  difficulties 
encountered  in  the  generation  and  maintenance  of  a  measurable  halogen 
anion  population. 

Photodetachment  of  CI2" 

In  Figure  19  the  raw  data  for  the  photodetachment  of  Cl2"  at  two 
wavelengths  are  presented.    The  bandwidth  of  the  laser  output  as 
measured  at  the  monochromator  was  0.4  nm.    The  x-axis  is  time  and  a 
typical  run  at  a  single  wavelength  required  15  to  20  minutes  to 
complete.    The  experimental  procedure  and  data  reduction  were  as 
described  in  Chapter  III.    The  detect  delay  time  for  chlorine  anion 
photodetachment  studies  was  selected  with  two  factors  in  mind.  First, 
that  the  detect  delay  be  long  enough  that  all  of  the  precursor 
anions  had  reacted.    Second,  that  the  chlorine  anion  intensity  be 
as  near  to  the  peak  chlorine  anion  intensity  as  the  first  criterion 
would  allow.    Peak  laser  outputs  varied  strongly  with  dye,  dye 
concentration,  dye  age,  wavelength,  and  the  high  voltage  setting  for 
the  laser  discharge.    The  maximum  laser  output  was  about  100  milli- 
joules  (mj)  and  the  lowest  outputs  that  produced  measurable  changes 
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in  ion  intensity  were  10-15  mj  for  wavelengths  corresponding  to  a 
maximum  in  the  absorption  spectrum  of  the  ion. 

In  addition  to  observing  the  decrease  in  CI 2 ~  signal  intensity 
upon  irradiation,  fragment/product  ions  were  sought.    In  the  case  of 
CI  ,  the  ion  cyclotron  resonance  mass  spectrometer  could  be  tuned 
to  the  ion  at  a  detect  delay  time  at  which  the  CI"  signal  was  measurabl 
The  detect  aperture  was  then  returned  to  the  time  at  which  the  CI,," 
reduction  was  observed;  however,  the  Cl~  resonance  conditions  were 
not  altered.    Subsequently,  photo-produced  CI"  or  Cl~  generated 
from  some  photo-produced  intermediate  could  be  measured.    A  photo- 
induced  spectrum  of  CI"  is  presented  in  Figure  20.    Other  product 
ions  were  sought  as  well.    CH3N02C1",  N02Clr,N0Cl",  CH3C1",  and 
CH2C1"  were  possible  product  ions  that  were  sought  at  each  peak  of 
Cl2"  photodestruction.    Since  these  ions  were  not  present  in  the 
original  negative  ion  mass  spectrum  of  the  nitromethane/chlorine 
mixture,  the  procedure  for  determining  their  presence  was  more 
involved  than  those  for  CI".    While  photoreduction  of  the  Cl2" 
signal  intensity  was  taking  place,  a  slow,  magnetic  field  scan  over 
0.050  Tesla  and  centered  at  a  possible  product  anion's  nominal, 
resonant  magnetic  field  strength  was  conducted.    These  measurements 
were  performed  for  each  postulated  anion  at  each  wavelength  where 
a  significant  reduction  in  the  Cl2"  intensity  was  observed.  None 
of  the  proposed  product  anions  with  the  exception  of  CI"  was 
observed. 

The  energy  range  covered  in  the  photo-excitation  experiments 
was  limited  to  0.39  eV  (3170  cm"1).    The  short  wavelength  limits 
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were  determined  by  inefficient  lasing  of  the  dye  laser  system  toward 
blue  wavelengths.    The  short-wavelength  limit  was  457  nm.  Efficient 
dyes  are  available  for  wavelengths  shorter  than  457  nm,  however,  the 
particular  Xe  flashlamp  employed  does  not  effectively  populate  the 
upper  state  of  the  shorter  wavelength  dyes  and  lasing  could  not  be 
achieved.    The  long-wavelength  limit  at  540  nm  was  the  result  of  a 
gap  in  the  lasing  ranges  of  the  available  dyes.    Fluorol  555  was 
obtained  to  extend  the  measurements  into  the  red,  however  it  did  not 
lase  (63).    Measurements  made  to  the  red  of  the  Fluorol  555  range 
U>565  nm)  resulted  in  no  photo-reduction  from  565  nm  to  622  nm.  The 
gap  in  the  photo-excitation  spectra  between  500  nm  and  510  nm  occurs 
at  a  region  where  both  LD  490  and  Coumarin  540  dyes  lased,  but  with 
poor  beam  quality  and  poor  shot- to-shot  repeatability  of  the  beam 
profi  le. 

The  variation  of  the  photodetachment  cross-section  with  wave- 
length as  restricted  by  the  laser  source  considerations  is  presented 
in  Figure  21.    All  data  points  were  taken  under  identical 
spectrometer  conditions:     grid  pulse  delay,  1ms;  grid  pulse  width, 
30  ms;  free  pulse  delay  (laser  trigger),  100  ms;  detect  pulse  delay, 
100  ms;  marginal  oscillator  level,  50  to  60  mV;  filament  current, 
2.5A;  filament  voltage,  4v;  filament  offset  voltage,  -2.4v;  and  grid 
offset  voltage,  -12. 5v.    Source  pressures  were  held  as  constant  as 
possible  considering  the  stability  difficulties  described. 
Each  point  on  the  spectrum  represents  an  average  of  between  four  to 
ten  runs  at  the  individual  wavelength  corresponding  to  sixty  to  one 
hundred  and  fifty  laser  shots  per  point.    The  bulk  of  this  data  was 
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analyzed  manually  by  the  measurement  of  the  ion  signal  intensities 
from  the  hardcopy  spectrum  generated  at  an  x-y  recorder.  The 
individual  laser  shot  intensities  were  measured  visually  with  an 
oscilloscope  and  manually  recorded  for  later  correlation  with  the 
appropriate  ion  intensity  value.    A  small  amount  of  the  data  over  the 
wavelength  range  from  470  nm  to  490  nm  was  collected  with  the 
microcomputer-interface  hardware.    Microcomputer  data  collection 
decreased  the  actual  data  collection  time  and  more  significantly 
decreased  the  time  required  for  data  reduction.    Typically,  two  hours 
were  required  to  manually  reduce  the  data  of  a  single  pass  (15  laser 
shots)  at  a  single  wavelength.    With  the  microcomputer  interface 
this  time  was  reduced  to  approximately  ten  to  fifteen  minutes 
depending  upon  the  quality  of  the  data.    If  the  present  microcomputer- 
interface  were  tied  into  a  more  powerful  microcomputer,  the  data 
reduction  time  could  be  made  significantly  less  and  on-line  analysis 
could  be  approached. 

Analysis  of  Cl2"  Results 

Optically  accessible  electronic  transitions  of  the  halogen 
molecular  anions  are  restricted  to  symmetry-allowed,  single-electron 
transitions  involving  the  valence  molecular  orbitals.    The  ground 
electronic  state  molecular  anion  configuration  of  the  halogens  may 
be  written  in  the  form 

...(agns)2(auns)2  (agnp)2  (^np)4  (yp)4  (^pjl 
where  n  equals  3  and  4  for  chlorine  and  bromine,  respectively.  This 
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notation  is  abbreviated  to  (2441  )  in  which  only  pa  and  Ptt  occupancies 
are  explicitly  given.    This  configuration  (2441)  yields  a  2z*  mole- 
cular electronic  term  (Hund's  case  b  ).    Consistent  with  the  anti- 
bonding  nature  of  the  aunp  electron,  the  chlorine  anion  exhibits 
an  increased  bond  length  (2.66A)  and  decreased  vibrational  frequency 
(260  cm  ])  (95)  relative  to  the  ground  state  of  the  neutral  (1.988A, 

565  cm"1)  (88b).    No  first-order  spin-orbit  coupling  is  expected  for 

2  +  , 
a    zu  state  (88c). 

The  lowest,  excited-state  electeom'c  configurations  correspond  to 

single-electron  excitations  from  the  agnp,  ^np,  or  ^gnp  orbital 

to  the  ounp  orbital.    These  states,  (2432)  2n  ,  (2342)  2n  ,  and 

2  +  9  u 

(1442)    zg  ,  are  repulsive.    Potential  energy  curves  have  been 

calculated  both  for  the  ground  anionic  state  and  the  repulsive  excited 

states  for  chlorine  (95,96)  and  bromine  (96).    In  addition,  for 

chlorine  the  2ng  -    2i  *  and  2e  +  +    2  z+  electronic  transitions  have 

been  observed  in  the  gas  phase  (75,92),  as  well  as  in  rare  gas 

matrices  (97),  crystals  (98),  and  glasses  (99).    The  transition 

2  +  2 

from  the    zy  to  the    eu  state  is  strongly  forbidden  and  has  not  been 
observed.    The  2ng  and  ^states  exhibit  first-order,  spin-orbit 
splitting;  for  chlorine  the  magnitude  of  the  splitting  is  anticipated 
to  be  small  (100). 

The  only  state  of  neutral  chlorine  accessible  with  the  wave- 
lengths used  in  this  study  is  the  X1 ^ground  state.    The  next 
neutral  state,  18310.5  cm"1  above  the  ground  state,  is  the  A3no+u  state  (88d). 
This  state  lies  at  an  energy  significantly  higher  than  can  be 
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reached  with  the  current  laser  source  and  does  not  contribute  further 

to  the  discussion  of  these  results. 

The  spectrum  for  the  photoreduction  of  Cl~  exhibits 

significant,  complex  structure  not  observed  in  previous  studies  (75, 

92,  97,  98,  99).    Studies  employing  polarized  incident  radiation  have 

identified  the  two  transitions  observed  for  chlorine  anions  as  the 
2  +       2  + 

zq  *"  x  E    transition  at  aPProximately  365  nm  and  the  2n    +■  X2z+ 
3  g  u 

transition  peaked  at  750  nm  (75,92,97).    For  chlorine  the  spin- 
orbit  splitting  of  the  2ng  state  was  not  observed  (97).    The  photo- 
induced  decrease  of  the  Cl~  intensity  observed  in  this  study  cannot 
be  explained  in  terms  of  transitions  to  the  dissociative  excited 
states  of  the  anion.    The  wavelength  range  covered  by  this  work 
corresponds  to  the  region  of  the  long  wavelength  tail  of  the  ultra- 
violet transition  (365  nm).    In  this  range,  the  photodissociation 
of  the  molecular  chlorine  anion  occurs  with  a  lower  probability  and 
photodetachment  processes  from  excited  vibrational  levels  of  the 
chlorine  molecular  anion  may  be  observed. 


Computation  of  Franck-Condon  Factors 
The  anticipated  transitions  are  those  occurring  from  a 
vibration-rotation  manifold  of  the  V  state  of  the  anion  to  the 
vibration-rotation  manifold  of  the  neutral  ground  state  ]e*  .  The 
relative  intensities  of  the  individual  lines  in  such  a  spectrum 
depend  upon  the  relative  values  of  the  Franck-Condon  (FC)  overlap 
factors,  in  conjunction  with  rotational  parameters,  for  a  constant 
electric  dipole  transition  moment.    FC  factors  may  be  obtained  if 
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accurate  electronic  potentials  are  known  or  can  be  generated  for  the 
two  electronic  states  involved  in  the  transition.    Three  types  of 
potential  energy  curves  are  generally  available:  empirical, 
computational,  and  quantum  mechanical.    Empirical  procedures  rely  on 
a  parameterized  model  for  the  potential  curve  where  spectroscopic 
constants  determine  the  parameters.    This  method  includes  the  Morse 
potential  energy  curve  generation  scheme  (101)  and  several 
variations  including  the  Hulbert-Hirschfelder  potential  function 
method  (102).    Quantum  techniques  involve  numerical  solution  of  the 
wave  equation  to  some  selected  approximation  over  a  range  of  nuclear 
configurations.    A  computational  technique  relies  upon  the  spectro- 
scopic constants  for  the  generation  of  discrete  molecular  energy 
levels  and  upon  the  assumption  of  a  functional  form  for  the 
distribution  of  the  levels.    The  most  well-known  computational  method 
is  the  Rydberg-Klein-Rees  (RKR)  technique  (103).    The  RKR  potential 
is  the  best  approximation  to  the  true  potential  up  to  the  term 
value  for  which  the  spectroscopic  constants  are  unperturbed  and 
valid.    For  this  reason,  the  RKR  technique  with  a  Hulbert-Hirsch- 
felder extension  beyond  the  region  of  valid  spectroscopic  constants 
was  used  in  this  study. 

The  RKR  method  for  potential  curve  construction  is  founded  upon 
the  Dunham  phase  integral  (104,  105)  and  the  Klein  action  integral 
(106,  105).    The  Dunham  phase  integral  expresses  the  energy  levels 
of  a  potential  function  with  a  single  minimum.    The  expression  for 
the  phase  integral  is 
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x2 

/pdx  =  2/     p  dx  =  h  (v+'s)  =  I  (45) 

for  p  defined  as  the  particle  momentum.    Where  the  effective  potential 
can  be  represented  as  a  potential  without  rotation  and  a  centri- 
fugal potential 

I 


UK(R)  =  U(R)  +  \  K  =  J-  J(J+1),  (46) 


the  phase  integral  condition  has  the  form 


R2  ,1/2 
2/        [2y(E  -  UK(R)p-dR  =  I  (47) 

Rl 

where  E  is  the  energy  of  the  (v,  J)  term  value,  i.e., 


E(I,K)  =  hcF(v,  J).  (48) 

The  Klein  action  integral  is  written 

9  k1' 

S(V,K)  =  (2/y)-"2     fQ  [V-E(I,K)r2  dl  (49) 

where  I'  is  determined  by  the  stipulation 

E(I',K)=V  (50) 

and  V  is  the  energy  at  the  limit  of  the  integration.    The  phase 
integral  condition  and  Klein  action  integral  may  be  combined  and 
the  intermediate  expression  evaluated  to  give  a  simple  form  of 
the  action  integral 
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R2(V) 

S(V,K)  =  V/  (V-  Up(R  )  dR  (51) 

RX(V)  R  0 


The  potential  derivatives  with  respect  to  V  and  K  of  the  simplified 
form  of  the  action  integral  are 

f  -  §  =  H  (^-Rj)  (52) 

»-S-*^-i£>-  (53) 

These  equations  may  be  evaluated  for  Rj  and  R2,  the  classical 
turning  points. 

Rl,2  <v>  =  ^+  ^Tf.  (54) 

Both  f  and  g  are  determined  as  functions  of  V  from  the  complex 
form  of  the  Klein  action  integral 


f(V)  =   (fc2i,)-*    /   1  dI  (55) 

0     J  V-E(I.O) 


(8,V)%  .  ^  BvU)dI 


g(V)   =    ^"  »   '  / 


0    ,/v-E(I,0)  (56) 


where  BV(I)  =  Be-ae(^-)  +  ...  and  other  constants  are  defined  as 
usual.    The  method  evaluates  numerically  the  f(V)  and  g(V)  and 
determines  the  classical  turning  points. 
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The  Hulbert-Hirschfelder  (H-H)  five-parameter  empirical 
potential  is  a  generalization  of  the  Morse  potential  given  by 

U(R)  -  U(Re)  =  ax  (l-e"x)2  +  a2  xVDX  +  a    xVDX  (57) 


where 


2  B  %  \ 
e    e  e 


(58) 


and  aj,  a2,  a3  and  D  are  fitting  parameters  which  may  be  related  to 

spectroscopic  constants  by  means  of  Dunham's  analysis  (102).  This 

potential  function  is  used  to  extend  the  RKR  potential  curve  so 

that  vibrational  wave  functions  may  be  determined  up  to  the  RKR  limit. 

A  Fortan  RKR-HH  potential  energy  function  program  (107) 

was  used  and  calculations  were  performed  on  the  Amdahl  computer. 

The  RKR-HH  numerical  potentials  for  Cl2  and  Cl2~  are  given  in  Appendix 

V.    The  potentials  are  drawn  in  Figure  22.    The  input  spectroscopic 

constants  are  listed  in  Tables  6  and  7. 

The  RKR  potentials  are  the  inputs  to  an  FC  factor  program  due  to 
Zare  and  Cashion  (107)  which  utilizes  a  solution  of  the  radial 
Schrodinger  wave  equation  by  Cooley  (108).    Cooley's  algorithm 
solves  the  second-order  differential  radial  Schrodinger  equation 
from  a  numerical  input  potential.    The  algorithm  starts  with  limiting 
values  for  the  wave  function  at  the  integration  limits.    From  the 
upper  limit,  the  wavef unction  is  integrated  inward  since  the  wave- 
function's  value  at  r       can  be  expressed  as  a  function  of  r  , 

"  1  n' 

Vl;  V  Vl'  the  numerical  potentials  of  rn  and  r     ;  Pn;  and  E, 
a  trial  eigenvalue.    An  outward  integration  is  performed  similarly 


Figure  22.    Rydberg-Klein-Rees  Potential  Energy  Curves  for  Clo 
and  Cl?~.    The  RKR  curves  for  the  anion-neutral 
pair  are  drawn  on  a  single  energy  scale.    The  zero 
of  energy  corresponds  to  the  minimum  of  the 
potential  energy  curve  of  the  anion. 
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Table  6.    Spectroscopic  Constants  Used  in  the  Determination  of  the 
Rydberg-Klein-Rees  Potential  Curve  for  Cl2. 


e 


559.75  cm"1 


Ve  2-694  cm"1 

Be  0.2442  cm"1 


a 


1.516  x  10"3  cm"1 


Do  19997.14  cm"1 
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Table  7.    Spectroscopic  Constants  Used  in  the  Determination  of  the 
Rydberg-Klein-Rees  Potential  Curve  for  CI-,". 


we  260.0  cm"1 

wexe  1.50  cm"1 

Be  0.136  cm-1 

<*e  0.01  cm-1 

DQ  10324.1  cm"1 
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from  the  lower  integration  limit.    This  solution  satisfies  the  wave 
equation  at  all  points  except  for  the  single  point  where  the  inward 
and  outward  integrations  overlap.    This  point  is  used  to  test  for 
convergence  with  respect  to  variation  of  the  trial  eigenvalue.  When 
the  energy  difference  between  the  inward  and  outward  wavef unctions 
is  less  than  the  selected  convergence  limit,  the  final  wavefunction 
is  obtained  by  a  point  normalization  routine.    The  integrations  are 
simplified  if  the  potential  is  known  at  regularly  spaced  values  of 
r,  therefore,  an  eighth-order  Lagrangian  interpolation  of  the  input 
RKR  potentials  is  performed  prior  to  wave  function  generation. 
The  evaluation  of  the  wave  function  integrations  and  the  FC  overlap 
integrals  and  other  integrals  take  place  over  the  range  RMIN  to 
RMAX.    For  the  ground  anionic  state  of  chlorine  and  the  chlorine 
neutral  RMIN  and  RMAX  were  selected  as  1.5A  and  3.5A,  respectively. 
These  values  are  selected  due  to  the  constraints  of  the  Lagrangian 
interpolation  routine  and  the  range  of  validity  for  the 
spectroscopic  constants,  and  provide  precise  wavef unctions  up  to 

v"rnax=12  for  anion  and  v'max=20  for  the  9round  state  neutral. 
The  quantum  numbers  of  the  transitions  (V*,  V**),  the  term  value, 
T(cm  1),  the  Franck-Condon  factor,  Q,  the  wavelength  of  the 
transition,  LAMBDA  (A)  and  the  FC  factor  times  the  cubic  and  fourth 
powers  of  the  wave  number,  QT**3  and  QT**4,  as  well  as  the 
r-centroid  and  r-squared-centroid  and  the  sign  of  the  overlap 
integral  prior  to  squaring  to  obtain  the  FC  factor,  RC,  R**2C  and 
PHASE,  respectively,  are  tabulated  in  Appendix  V.      The  potential 


curves  and  Franck-Condon  and  associated  integrals  determined  here 
were  evaluated  to  assist  in  the  interpretation  of  the  structure 
present  in  the  photodestruction  spectrum  of  the  molecular  chlorine 
anion. 

Table  8  contains  the  locations  of  the  major  peaks  of  the  photo- 
reduction  spectrum  of  Cl2"  expressed  in  wavelength  and  wavenumbers. 
Based  on  the  output  of  the  FC  factor  program,  vibronic  transitions 
have  been  assigned  to  the  observed  transition  energies.    The  results 
of  the  FC  factor  program  are  indicative  of,  but  not  conclusive 
evidence  for,  the  assignment  of  the  photoreduction  of  Cl2~  to  a 
photodetachment  process.    The  FC  factor  term  values  are  accurate 
as  far  as  the  spectroscopic  constants  for  each  state  retain  validity. 
The  spectroscopic  constants  for  the  Vz  +  ground  state  of  chlorine 
are  well  known  for    v  <  49  (109,  88b).    Therefore,  exceptional 
accuracy  in  the  term  value  is  expected  with  respect  to  the  neutral 
vibration-rotation  manifold.    The  constants  for  the  molecular  anion 
are  not  well  established  and  this  hampers  the  peak  assignments  at 
higher  vibrational  quantum  numbers  of  the  anion  (110,  111).  Several 
of  the  assignments  in  Table  8  may  be  questionable,  especially  those 
at  471.5  nm  (V*=20,  V**=13)  and  463  nm  (V*=23,  V**=15).  However, 
at  longer  wavelengths  the  assigned  transitions  are  obviously  the 
best  possible  fit  of  the  calculations  to  the  experiment.  The 
assigned  FC  factors,  especially  at  the  long  wavelengths,  are  the  only 
overlap  factors  of  reasonable  magnitude  in  the  wavelength  region. 
At  shorter  wavelengths  more  transitions  could  be  contributing 
significant  intensity  to  the  observed  spectrum. 
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The  interpretation  of  these  results  is  complicated  by  the  fact 
that  no  long  progressions  are  present.    From  the  (V*,V**)  transitions 
(16,6),  (15,6),  (14,6),  and  (13,6)  an  average  first  difference 
of  219  cm  1  is  obtained  as  compared  to  an  average  first  difference 
of  215  cm  1  from  the  calculated  term  values.    The  average  second 
difference  from  the  experimentally  determined  term  values  is  4.5  cm"1, 
but  a  positive  and  negative  value  are  generated  indicating  that  the 
wavelengths  are  not  accurately  enough  determined  to  justify 
assigning  any  significance  to  this  value. 

Calculated  Franck-Condon  factors  are  not  expected  to  predict 
the  intensity  pattern  of  the  spectrum.    This  is  due  to  the  fact  that 
the  initial  level  populations  cannot  be  controlled  and  only  broad 
estimates  of  the  energy  available  for  internal  excitation  of  the 
anion  are  known.    For  the  accepted  values  of  the  electron  affinities 
of  nitrogen  dioxide  and  of  chlorine  2.38  +  0.06  eV  and  2.52  +  0.17  eV, 
respectively,  the  maximum  available  energy  for  internal  excitation 
from  the  electron  transfer  process  alone  is  0.37  eV  (2985  cm-1) 
which  could  account  for  anion  excitation  up  to  V**  =  12. 

One  means  for  determining  the  internal  energy  of  the  molecular 
anion  is  through  the  observation  of  endothermic  reactions  of  the 
anion  (75).    If  the  amount  of  endothermicity  can  be  gauged,  a  limit  on 
the  anion's  internal  excitation  may  be  set.    This  was  attempted 
using  the  Cl2  -CH30H  reaction.    The  experiment  was  complicated  by  the 
fact  that  there  were  only  two  gas  inlets  to  the  cell  region.    For  Cl~ 
formation,  both  inlets  were  already  used.    Consequently,  a  sample 
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bulb  containing  nitromethane  and  methanol  was  made  up  and  used  in 
place  of  the  nitromethane  alone.    The  subsequent  Cl2"  signal  was 
reduced;  however,  this  may  be  attributed  to  andecreased  in  .  ^  ....  c 
collision  frequency  between  nitrite  ions  and  chlorine  and  less 
efficient  production  of  nitrite  ion  due  to  attenuation  of  the  electron 
beam  by  methanol  molecules  rather    than  reaction  of  Cl2~  and  CH30H. 
The  technique  could  not  be  successfully  applied  in  light  of  these 
instrumental  limitations. 

The  spectrum  of  the  Cl2~  photoreduction  (Figure  19)  does  not 
exhibit  the  expected  limiting  wavelength  dependence  for  the  photo- 
detachment  cross-section  near  threshold  at  each  transition  (41,  42, 
43).    The  onset  behavior  of  the  cross-section  is  predicted  to  be 

o(E)<*    k2T+1  (aQ  +  a2k2  +  a2k4  +  ...)  (59) 

where  k.  is  the  magnitude  of  the  linear  momentum  of  the  photoelectron 
and  1  is  the  angular  momentum  quantum  number  of  the  ejected  electron. 
For  Cl2"    1  equals  zero  and  a  sharp  onset  is  predicted  at  threshold. 
The  absence  of  this  behavior  is  due  to  masking  by  the  enhancement 
of  the  cross-section  near  the  sharp  onset  associated  with  each  new 
vibrational  resonance  in  the  long  wavelength  tail  regions. 

The  observation  of  Cl~  production  had  led  to  the  conclusion  that 
photodissociation  is  the  primary  process  observed  in  this  wavelength 
region  for  Cl2"  (75,  92).    This  is  definitely  the  case  for  the 
peak  UV  absorption  centered  at  365  nm.    However,  for  vibrational ly 
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excited  Cl2  favorable  Franck-Condon  factors  lead  to  photodetachment 
at  longer  wavelengths  than  predicted  from  the  zero  state  energetics. 
ChTbrine  has  been  shown  to  react  rapidly  and  efficiently  with  low  energy 
electrons,  the  type  produced  by  photodetachment  (112,  113,  114). 
Consequently,  even  if  photodetachment  alone  occurred,  an  increase  in  Cl~ 
signal  intensity  is  anticipated. 

Table  9  lists  the  assigned  transitions,  wavelengths,  term  values, 
energy  differences  between  the  assigned  transition    and  the  (0,0) 
transition,  and  the  adiabatic  electron  affinity  of  each  peak.  An 
average  electron  affinity  of  2.3601  ±  0.0040  eV  is  determined  based 
upon  the  peak  assignments.    This  error  reflects  errors  in  the  correct 
determination  of  the  individual  peak  term  values,  but  not  the  possibility 
of  an  incorrect  numbering  of  the  peaks.    Due  to  the  restricted  range 
of  the  experiment,  V**  values  could  be  off  by  +2  to  -3  and  V*  values 
by  +5  to  -5  corresponding  to  a  total  error  of  +2164  cm"1,  -2576  cm-1 
(Table  10).    Clearly,  this  error  is  a  direct  result  of  an  incomplete 
spectrum  of  mediocre  quality.    Coverage  of  a  wider  spectral  range  would 
eliminate  the  questionable  peak  assignment  and  the  higher  precision 
error  estimate  would  definitely  apply. 

Bromine  Molecular  Anion 
Formation  of  Br^ 

The  molecular  bromine  anion,  Br~,  was  produced  from  Cl^  by  elec- 
tron transfer.    Direct  formation  of  Br~  by  electron  transfer  fron  nitrite 
ion  was  not  observed.    Direct  electron  attachment  to  bromine  generated 
Br  by  dissociative  attachment.    For  a  maximized  Br~  signal  strength 
the  ion  cyclotron  resonance  mass  spectrometer  was  first  optimized  for 
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Table  10.    Comparison  of  Literature  Values  for  the  Electron 
Affinity  of  Chlorine. 


Electron  Affinity  (eV)  Technique  Reference 


2 

~  ,  0.27 
0.32 

Photodetachment 

Present  Work 

2 

.32  +  0.1 

Endothermic  Charge  Transfer 

79 

2. 

5  ±  0.5 

Chemionization 

115 

2. 

52  ±  0.17 

Dissociative  Electron  Capture 

76 

2. 

35  ±  0.15 

Exothermic  Charge  Transfer 

78 

2. 

38+0.1 

Endothermic  Charge  Transfer 

116 
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nitrite  ion  production  from  ni tromethane,  then  a  mixture  of  chlorine 
and  bromine  vapor  was  inlet  and  the  Cl2"  signal  intensity  was  maximized. 
Finally,  the  Br2~  signal  was  located  and  the  system  was  tuned  for  the 
maximum  Br2"  signal  intensity.    Br2"  signal  satisfactory  for  subsequent 
photo-experiments  was  produced  at  a  detect  delay  of  110  ms.    The  N02" 
and  Cl2"  signal  intensities  had  decreased  to  low  levels  at  this  detect 
delay  time  for  the  selected  operating  conditions.    The  negative  ion  mass 
spectrum  of  the  chlorine/bromine-ni tromethane  mixture  is  presented  in 
Figure  23.    The  intensity  of  the  well-tuned  Br2"  signal  is  approximately 
one-half  the  intensity  of  the  optimum  Cl2"  signal  levels  used  in  the 
Cl2~  photo-excitation  study. 

Photodetachment  of  Br2" 

The  photo-excitation  spectrum  of  Br2"  was  investigated  from  470 
nm  to  498  nm.    At  longer  wavelengths  (520-540  nm),  the  low  ion  signal 
intensity  contributed  to  a  reduced  signal-to-noise  ratio  and  this  com- 
bined with  the  small  cross-section  for  photo-excitation  at  longer  wave- 
lengths precluded  cross-section  measurements  distinguishable  from  the 
background  noise  level.    The  photoreduction  spectrum  is  presented  in 
Figure  24.    The  dashed  line  spectrum  shows  more  pronounced  structure; 
this  is  due  to  more  stable  output  and  better  wavelength  coverage  by  the 
dye  laser  system  for  these  points.    The  spectra  show  similar  gross 
behavior.    The  determination  of  the  cross-sections  plotted  was  discussed 
in  Chapter  III. 

Analysis  of  Br  ~  Results 

RKR  potentials  and  Franck-Condon  overlap  factors  were  not 
evaluated  for  the  1  zg+  state  of  Br2  and  the  2  ^+  state  of  Br2, 
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n 

since  the  spectroscopic  constants  for  the  Br2"    £u+  anion  state 
are  not  known  with  any  degree  of  accuracy  (96).    Since  the  errors 
in  the  Franck-Condon  overlap  factors  reach  a  level  in  the  Cl2~ 
calculation  that  becomes  significant  at  the  high  ( V  *  =12)  vibrational 
level  of  the  ion  and  since  hi gher  internal  excitation  is  expected  for 
Br2",  the  value  of  such  a  refined  calculation  is  mitigated. 

For  the  data  with  the  greater  number  of  experimental  points  in 
Figure  24,  there  are  five  identifiable  peaks.    The  experimental 
wavelengths  for  these  peaks  and  the  corresponding  term  values  are 
collected  in  Table  11.    The  first  differences  have  been  calculated 
and  are  also  tabulated.    The  predicted  u  ,  the  first-order  anharmonic 
vibration  constant,  for  the  ground  state  anion  is  160  cm"1  (96). 
The  separation    between  the  peaks  exceeds  this  energy.  Furthermore, 
since  wgxe  is  small  and  positive  (0.7  cm"1)  (96),  the  peak  structure 
cannot  be  attributed  to  a  vibrational  distribution  in  the  2£u+ 
anion  state.    From  the  well-known  spectroscopic  constants  for  Br2 
(79Br  81Br),  an  estimate  of  the  vibrational  levels  in  the  neutral 
ground  state  which  would  account  for  the  empirically  determined 
spacings  can  be  obtained.    Retaining  only  terms  up  to  second-order 
in  the  anharmonic  oscillator  energy  expression,  an  expression  for 
the  separation  of  vibrational  levels  in  the  ground  state  neutral 
(aG)  as  a  function  of  vibrational  quantum  number  is  obtained, 

AG=ue-  2Ve  "  2Vev"  (6°) 
where  v"  is  the  vibrational  quantum  number  in  the  state  of 
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Table  11.    Experimental  Wavelengths  ( X)  and  Term  Values  (Texp)  and 
First  Differences  (A*)  for  the  Observed  Photoreducti on 
of  Bromine  Molecular  Negative  Ions. 


\(nm) 

A  ^  1  MM  J 

Texp  lcm  > 

(cm 

495.4  ±  0.3 

20186 

488.6 

+  1 2 

20467  _\3 

281 

481.8 

20756  *]g 

289 

475.7 

21022 

266 

470.5 

21254  +]J 

232 
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bromine  Using  cog  andooexe,  323.2  cm"1  and  1.07  cm"1,  respectively 
(88d),  this  expression  indicates  that  levels  up  to  v'  equal  twenty 
must  be  involved  in  the  transition. 

No  identifiable  structure  which  can  be  associated  with  ground 
state  anion  excitation  appears  in  the  spectrum.    This  is  due  to  the 
fact  that  high  vibrational  levels  of  the  anion  will  produce  closely 
spaced  lines  which  remain  unresolved  here.    From  the  correlation  of 
the  Cl2    photoreduction  spectrum  with  the  term  values  generated  by 
the  FC  overlap  factor  calculation  it  is  apparent  that  the  process  for 
formation  of  Cl2"  from  N02"  (Equation  43)  populates.     Cl2"  vibrational 
levels  at  least  up  to  Y"=16.    This  corresponds  to  3752  cm"1  of 
vibrational  excitation  of  Cl2".    The  nominal  difference  between  the 
accepted  electron  affinities  for  nitrogen  dioxide  and  chlorine  can 
account  for  only  one-third  of  this  excitation.    The  excess 
excitation  may  result  from  two  effects.    First,  for  a  vertical 
attachment  process  between  the  neutral  and  anion  potential  curves, 
highly  excited  vibrational  levels  of  the  anion  are  expected  to  be 
populated  due  to  the  large  difference  between  the  equilibrium  bond 
lengths  of  the  two  states  (88b).    Second,  electron-impact,  vibrational 
excitation  of  chlorine  neutral  molecules  may  be  competing  with 
dissociative  attachment.    Then,  attachment  may  occur  to  vibrationally 
hot  neutrals  with  more  favorable  Franck-Condon  overlap  factors,  but 
with  a  range  of  final  state  internal  excitation  (114).  Assuming 
3752  cm"1  of  excitation  of  Br2",  an  estimated  v"  of  23  is  obtained. 
This  corresponds  to  a  vibrational  energy  spacing  for  the  anion  of 
approximately  108  cm"1.    This  spacing  would  be  observable  under  the 
resolution  used  here  only  under  fortuitous  circumstances.  The 
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lack  of  resolved  structure  which  can  be  correlated  with  the  internal 
state  of  the  ion  precludes  an  estimation  of  the  adiabatic  electron 
affinity  for  the  bromine  molecule. 

Bromine  Monochloride  Molecular  Anion 
Formation  of  BrCl" 

Bromine  monochloride  negative  ions  were  produced  from  the  same 
mixtures  of  chlorine/bromine  vapor-nitromethane  used  in  the  study  of 
bromine  photo-excitation.    A  mass  spectrum  with  BrCl"  at  near  peak 
intensity  is  shown  in  Figure  25.    Clearly,  the  signal  level  of  BrCl" 
was  not  satisfactory  for  photo-experiments  considering  the  apparent 
errors  in  the  cross-sections  observed  for  CI,,"  and  Br,,"  which  were 
produced  and  detected  with  much  greater  signal-to-noise  characteristics. 

Several  attempts  were  made  to  increase  the  BrCl"  intensity. 
Variation  of  the  ratio  of  partial  pressures  of  bromine  and  chlorine 
at  the  cell  showed  only  deleterious  effects  when  altered  from  a  ratio 
of  one.    Steps  were  taken  to  insure  that  the  initial  mixture  of 
bromine  and  chlorine  was  in  equilibrium  with  bromine  monochloride  (117,118). 
This  did  not  improve  the  BrCl"  signal  intensity. 

Analysis  of  BrCl"  Results 

BrCl    has  been  observed  as  a  product  of  the  reaction  of  Cl^" 
with  bromine.    This  reaction  was  reported  earlier  and  a  rate  constant 
was  determined  (  79).    The  value  of  this  rate  constant  and  that  of 
competing  reactions  is  presented  in  Table  12.    Evidently  BrCl"  will 
be  generated  as  a  minor  species   regardless  of  the  variation  of 
neutral  gas  pressures. 
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Table  12.    Rate  Coefficients  for  the  Reaction  of  Cl0"  with  B 


Reaction  Rate  Coefficient 

-  If)  3 
(x  10"     cm  /molecule-sec 


C12"  +  Br2   -»  Br2"  +  Cl2  1.8 

-*  Br2Cl"  +  CI  0.38 

-*  BrCl"  +  BrCI  0.16 

->  BrCl2"  +  Br  0.10 


CHAPTER  V 

PHOTODETACHMENT  STUDY  OF  THE  ENOLATE 
ANION  OF  ACETOPHENONE 

Formation  of  the  Enolate  Anion 

The  enolate  anion  of  acetophenone  was  produced  by  proton 
abstraction  from  the  a-carbon  of  the  neutral.    This  was  accomplished 
via  the  acid-base  reaction  of  acetophenone  with  a  selected  anion 
of  greater  gas  phase  basicity  than  the  product  enolate  anion  of 
acetophenone.    Two  anionic  bases  were  used  to  abstract  the 
proton,  OH",  produced  from  H,,0  by  low  energy  electron  impact  and 
F",  generated  from  S02F2  also  by  electron  impact. 

The  OH"  anion  is  not  produced  directly  upon  electron  impact 
with  H20.    Initially,  H"  is  generated  (119) 

e"  +  H20  — >   H~  +  OH.  (61) 

H"  was  not  observed  in  this  study  since  the  minimum  time- 
resolution  of  the  pulsed  ion  cyclotron  resonance  mass  spectrometer 
was  insufficient  to  detect  the  extremely  rapidly  decaying  parent 
ion.    H"  does  react  further  with  water  (120) 

H"  +  H20    -*   OH"  +  H2  (62) 

producing  OH".    The  OH'anion  was  selected  as  the  precursor  anionic 
base  for  this  study,  because  of  the  ease  with  which  it  could  be 
produced,  the  simplicity  of  the  negative  ion  mass  spectrum  of  water 
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and  the  large  concentration  of  OH    which  could  be  generated  and 
trapped  at  the  ion  eel  1 . 

Electron  attachment  to  sulfuryl  fluoride  produces  F"  in  a  single- 
step,  dissociative  attachment  process.    Nitrogen  trifluoride  also 
produces  considerable  F"  upon  electron  impact,  however,  sulfuryl 
fluoride  generates  F"  with  markedly  lower  translational  energy  (121). 
For  this  reason,  F"  produced  from  surfuryl  fluoride  should  produce 
fewer  excited  state  secondary  anions  upon  proton  abstraction  and 
S02F2  was  the  source  selected. 

The  enolate  anion  of  acetophenone  was  efficiently  produced 
using  both  anionic  bases  by  the  reaction 


The  enolate  anion  signal  level  for  optimum  conditions  with  OH"  is 
reproduced  in  Figure  26.    The  negative  ion  mass  spectrum  of  the 
acetophenone/base  mixtures  contained  only  the  precursor  anion  and 
the  acetophenone  enolate  anion  (Figure  27). 


The  photodetachment  of  the  enolate  anion  of  acetophenone  was 
examined  near  threshold  at  differing  delays  between  ion  formation 
and  ion  irradiation  and  detection.    The  experimental  conditions 
employed  for  the  ion  formation  for  each  base  are  tabulated  in  Table 
13.    Laser  irradiation  preceded  the  detect  pulse  by  10  ms.  The 


(63) 


Photodetachment  of  the  Enolate  Anion 


Figure  26.    Acetophenone  Signal  Intensity. 

The  optimum  acetophenone  signal  was 
obtained  with  OH    as  the  precursor 
for  the  spectrometer  conditions: 
sample  pressure,  2.0x10"  Torr, 
(1/10  mixture  of  acetophenone  to 
HLO),  electron  energy,  7.42  eV, 
detect  delay,  170  msec,  and  detect 
width  of  3.0  msec. 
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Acetophenone/H^O 

Partial  Pressure  Ratio  1/10 


TIME  (sec) 


170 
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Table  13.    Values  for  Instrumental  Parameters  Pertinent  to  Aceto- 

phenone  Anion  Production  and  OH"  and  F"  Precursor  Anions. 


OH" 


Filament  Voltage  -7.22  V  -4.93  V 

Filament  Current  1.5  A  1.5  A 

Trapping  Plate  Voltage  -1.75  V  -1.75  v 

End,  Upper,  Lower  Plate 

Voltage  +1.00  V  +1.00  V 

Sample  Pressure  2xl0"5  Torr  3.5  x  i0"5  Torr 

Partial  Pressure  Ratio 

(Acetophenone/Base)  1/10  4/1 

Grid  Pulse  Width  20  msec  20  msec 

Detect  Delay  150-200-250  msec  100-200-250  msec 
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Observed  photodetachment  cross-section  spectra  are  plotted  in  Figures 
28-30  for  the  various  detect  delay  times.    The  detect  delays  were 
limited  at  short  and  long  times  by  the  concentration  of  the  aceto- 
phenone  enolate  anions.    The  anion    signal  peaked  at  200  ms  and  was 
significantly  lower  below  150  ms  and  above  250  ms.    The  total  pressure 
was  maintained  as  accurately  as  possible  throughout  a  photodetachment 
run  to  insure  that  the  effects  of  collisions  would  not  vary  drastically. 
The  photodetachment  spectra  indicate  that  the  electron  detachment 
process  is  not  affected  by  collisions  over  the  range  that  could  be 
induced  here. 

Analysis  of  the  Acetophenone 
Enolate  Anion  Results 

The  photodetachment  spectra  of  the  acetophenone  enolate  anion 
indicate  that  a  resonance  occurs  just  above  the  threshold  which  is  not 
affected  by  collisional  de-excitation.    The  acetophenone  anion  has  been 
studied  and  resonances  have  been  observed  throughout  the  near 
threshold  region  (121,  122).    The  analysis  of  these  resonances 
indicated  that  they  were  attributable  to  electron-dipole  resonances 
and  not  to  different  vibrational  transitions  between  the  anion  and 
neutral  states.    These  studies  confirm  this  result  as  the  first 
resonance  above  threshold  is  not  influenced  by  delaying  irradiation 
of  the  anion.    The  number  of  collisions  is  anticipated  to  vary  by 
35  to  40  over  the  range  of  detect  delays  at  the  pressures  employed. 
The  vibrational  de-excitation  is  expected  to  be  efficient,  since 
the  anion  vibrational  modes  are  not  anticipated  to  be  drastically 
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different  from  those  of  the  neutral  acetophenone.  Consequently, 
it  seems  reasonable  to  agree  with  the  previously  reported  results 
that  the  structure  is  due  to  electron-dipole    resonances  of  the 
enolate  anion.    The  electron  affinity  value  taken  from  the  wave- 
length at  which  a  measurable  reduction  of  the  enolate  anion  occurs 
is  2.056  eV  in  excellent  agreement  with  the  reported  value  of 
2.057  eV  (122). 


CHAPTER  VI 
SUMMARY 

The  investigation  of  negative  ions  has  proved  a  complex, 
difficult  ,  and  perplexing  problem.    The  rewards  associated  with 
performing  such  investigations  have  increased  with  the  recognition 
of  the  significance  of  negative  ions  to  a  variety  of  scientific 
concerns.    In  this  work,  an  ion  cyclotron  resonance  mass  spectrometer 
was  employed  as  a  negative  ion  source,  containment  device,  and  detector 
Since  the  ions  chosen  for  this  study  were  known  to  exhibit  small 
cross-sections  for  the  transitions  of  interest,  a  tunable,  flash- 
lamp-pumped  dye  laser  system  with  a  high  output  per  pulse  was  employed. 
The  possibility  of  time-resolved  effects  on  negative  ion  spectra 
was  investigated.    In  this  study,  no  effects  were  observed  but  this 
in  itself  confirms  the  results  of  studies  attributing  structure  to 
effects  other  than  simple  internal  excitation. 

This  experimental  technique  allowed  the  observation  of  structure 
in  the  photodetachment  cross-sections  of  the  halogen  molecular  anions, 
Cl2  and  Br2  .    This  structure  was  attributed  to  vibronic  transitions 
between  the  ground  state  of  the  ankln  and  the  neutral.    The  adiabatic 
electron  affinity  of  chlorine  is  derived  fron  the  assigned  transitions, 
as  2.36  eV.    This  electron  affinity  has  an  error  associated  with  the 
peak  assignment  of  +0.27  and  -0.32  eV.    In  the  case  of  the  bromine  anion 
the  absence  of  structure  due  to  the  anion  in  the  photodetachment 
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cross-section  of  the  bromine  anion  precludes  the  estimation  of  a 
reliable  electron  affinity.    The  experimental  difficulties  of  operating 
with  halogen  compounds  were  marked  and  are  reflected  in  the  data; 
however,  improvements  in  this  area  would  necessitate  an  entirely 
different  design  of  the  apparatus. 

For  acetophenone,  confirmation  of  the  nature  of  the  resonances 
near  threshold  was  obtained.    In  addition,  the  electron  affinity  of 
the  enolate  anion  was  determined  to  be  2.056  eV  in  excellent  agreement 
with  earlier  findings.    This  opens  the  possibility  of  differentiating 
between  different  sources  of  structure  in  photodetachment  cross- 
section  spectra. 

The  most  significant  result  of  this  work  has  been  the  appearance 
of  structure  in  the  photodetachment  of  the  chlorine  anion.    In  order 
that  this  might  be  fully  exploited  the  experimental  design  must  be 
improved.    The  availability  of  high  energy,  excimer-pumped  dye  lasers 
is  particularly  significant.    The  optimization  of  the  experiment  is 
most  critically  dependent  upon  the  level  and  quality  of  the  source  and 
the  primitive  dye  laser  system  employed  has  been  useful  but  is 
severely  limited. 


APPENDIX  I 

ON-BOARD  MICROCOMPUTER  HARDWARE  MODIFICATIONS 
The  details  of  the  modifications  to  the  KIM- 1  microcomputer  are 
presented  as  a  useful  diagnostic,    Memory  chips  (2102)  are  soldered 
on  top  of  the  on-board  memory  chips  pin  for  pin  with  the  exception 
of  CS,  the  chip  select  line,  on  each  added  memory  chip  (pin  13). 
The  CS  line  of  the  eight  2102' s  comprising  the  additional  IK  of  RAM 
are  tied  together.    The  unmodified,  on-board  memory  is  selected  by  the 
KO  output  of  the  KIM-1  8K  decode  chip  (74  LS  145,  pin  1)  through 
the  buffer/invertor  (7404,  pins  1  &  2).    The  direct  KO  select  is 
cut  by  clipping  the  input  and  output  at  the  buffer/inverter,  pins 
1  &  2.    A  four-input  NAND  gate  is  mounted  on  top  of  the  disabled 
7404  with  ground  (pin  7)  and  power  (pin  14)  the  only  connections  made 
to  the  NAND  gate  from  the  7404  pins.    KO  and  Kl  from  the  8K  decode 
chip  are  connected  to  the  inputs  of  the  four-input  NAND  gate.  The 
Kl  line  must  include  a  560  n    pull-up  resistor  tied  to  +5  volts. 
KO  is  already  supplied  with  an  on-board  pull-up  resistor.  The 
remaining  NAND  inputs  are  tied  directly  to  the  +5  volt  line.  The 
output  of  the  four-input  NAND  gate  is  input  to  the  7400  AND  gate. 
Kl  is  also  connected  to  the  chip  select  array  of  the  add-on  memory 
chips.    Additional  +5  volt  supply  and  ground  lines  to  the  memory  chips 
from  the  KIM-1  edge  connector  were  added  due  to  the  increased  current 
demands . 
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APPENDIX  II 
MICROCOMPUTER  CONTROL  REGISTERS 


The  control  registers  required  for  the  data  collection  and 
analysis  microcomputer  system  are  given.    Initial  values  are  indicated. 


Hex  Address  Description  (Initial  Value) 


00  Main  control  register  (00) 

01  Number  of  zero  levels  (20) 

02  Number  of  zero  levels  counter 

03  One-half  number  of  zero  levels  counter 

04  Number  of  100  levels  per  laser  shot  (08) 

05  One-half  number  of  100's  per  laser  shot 

06  Number  of  laser  shots  (10) 

07  Number  of  laser  shots  counter  (10) 

08  Index  for  average  routines 

OA  Four-channel  store  base  address  (00) 

0C  Index  storage  for  memory  overlap  (00) 

0D  Base  address  low  for  temporary  storage  (20) 

0E  Base  address  high  for  temporary  storage  (00) 

OF 

10  Storage  for  zero  level  (00)  Running  Sum 
11 

12  ID  for  the  data  to  be  averaged  (00) 

14  Index  for  final  data  store  (00) 
15 

16  Dividend  for  three-byte  averaqe 
17 

18  Divisor  for  three-byte  average 

19  Programmable  Interrupt  Request  (PIRQ)  (00) 
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Hex  Address 


Description  (Initial  Value) 


1A 

Index  for  four  channel  store 

IB 

A/D  high  order  byte 

1C 

A/D  low  ordpr  hvtp 

40 

ID  for  data  storage 

41 

Final  data  store  low  order  address  (00) 

42 

Final  data  store  high  order  address  (02) 

43 

Final  data  store  index  (00) 
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Appendix  IV.    Sample  Preparation 

Samples  were  prepared  in  standard  pyrex  bulbs 
fitted  with  ground  glass  or  teflon  vacuum  stopcocks.    All  samples 
condensed  at  liquid  nitrogen  temperature  (77K)  and  consequently 
could  undergo    f reeze-pump-thaw  cycles  to  remove  volatile 
impurities.    The  sample  bulbs  were  initially  pumped  down  to  20 
microns  and  filled  on  a  glass  vacuum  line.    Pressures  were  measured 
by  a  cold  cathode  gauge  and  an  eight-inch  Bourdon  type 
differential  pressure  gauge.    Final  freeze-pump-thaw  purification 
was  performed  on  the  ICR  low  vacuum  manifold  and  was  done  prior 
to  each  use  of  the  sample. 

Acetophenone,  nitromethane  (Baker  Chemical  Co.)  and  water  are 
liquids  and  were  introduced  as  such  into  the  sample  bulbs.  The 
vapor  pressure  of  each  was  sufficient  to  maintain  the  necessary 
pressures  at  the  jeweled  leak  valves  and  the  ion  cell.  Bromine 
(Baker  Chemical  Co.)  is  liquid  at  room  temperature;  however,  the 
sample  was  made  up  to  the  vapor  pressure  of  bromine  to  facilitate 
mixing  with  chlorine  at  a  constant  ratio  with  sample  use.  Chlorine 
(Matheson)  was  obtained  as  99°/  pure  gas.    No  special  preparation 
was  involved  other  than  freeze-pump-thaw  purification.  Sulfuryl 
fluoride  (Matheson)  was  treated  in  the  same  manner. 

In  an  attempt  to  increase  the  number  of  bromine  monochloride 
anions  generated,  a  mixture  of  bromine  and  chlorine  was  irradiated 
with  a  450  watt  quartz  envelope  Hg  lamp  to  insure  that  an 
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equilibrium  mixture  was  being  inlet  to  the  ion  generation 
region  (117).    A  50-50  mixture  of  bromine  and  chlorine  was  made  up 
in  the  standard  manner.    The  sample  was  then  irradiated  for  2  hou 
As  noted  in  the  main  text,  no  improvement  in  the  BrCl"  signal 
intensity  was  observed. 


APPENDIX  V 
RKR  POTENTIAL  ENERGY  CURVES 
AND  FRANCK-CONDON  FACTORS 
FOR  Cl0-Clo 
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